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AN EVALUATION AND ECONOMIC ANALYSIS OF A WATER MAIN

GEOTHERMAL SYSTEM IN A RESIDENTIAL SPACE
BRIAN L. KOHUT

ABSTRACT
Water main geothermal systems have the potential to bring geothermal heat pump

systems to a larger scale and drastically reduce carbon emissions. Current research
supports this by showing that the quality of water produced by these systems remains
unchanged (Smith and Liu 2018). There have been studies that show some form of
economic feasibility without an in-depth design, evaluation, and economic analysis

(Ambort and Farrell 2020). This research will provide that analysis and help determine
any next steps to achieve the feasibility of the design and implementation of these

systems on a larger scale and the impact these systems will have on reducing carbon
emissions.

The main objective of this research is to design, evaluate, and provide an
economic analysis of a water main geothermal system in a residential space using

TRNSYS 18 with the TESS component library package. Provide concrete data that

supports the economic feasibility of owning and operating this type of geothermal

system. The water main geothermal system was designed using TRNSYS 18 with the
TESS component library package. A detailed guide, explaining the procedure for using

TRNSYS 18 with the TESS component library package is given. The guide will allow

researchers to understand the overall system design including results. This research work
will determine the economic feasibility of implementing a water main geothermal HVAC

system in a residential space using TRNSYS 18 to simulate the performance.
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CHAPTER I

INTRODUCTION

Geothermal means heat from the earth. Geothermal energy uses the earth’s heat or

thermal energy for heating of buildings, generation of electricity, and heating of hot

water. This research focuses on the use of geothermal energy to heat and cool a
residential space. Geothermal systems are available in two design categories. Open-loop
systems and Closed-loop systems are the two design categories.
Open-loop systems traditionally use a surface body of water or well as the source

for the heat exchange fluid that circulates through the system’s heat exchanger and back
to either a discharge well or surface body of water. Local design codes and standards will

determine which system meets the ground water discharge requirements. Closed-loop

systems traditionally use an antifreeze solution made of water and propylene glycol
solution that circulates through a loop or series of loops buried underground or

submerged within a body of water. The loop circulates the solution through the system’s
heat exchanger inlet and outlet. The antifreeze solution can include a refrigerant. The

loop is typically constructed of a high-density polyethylene (HDPE) tube. Local design
codes and standards determine the approved closed-loop system.
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Once an open-loop or closed-loop system is chosen the geothermal heat pump

system is determined. There are two main types of geothermal heat pump systems.
Water-to-air and water-to-water. Each is at type of water-source heat pump (WSHP).
These units extract thermal energy from the water source and convert it into energy that
can be used to heat and cool your home. Water-to-air systems are the most common

system used for the heating and cooling of residential spaces. They use the water-source
to extract thermal energy and use the energy to heat or cool a residence using forced-air

delivery through HVAC ductwork. If an existing home had a traditional forced-air
HVAC system and that system was being upgraded to a geothermal WSHP system, the

preferred choice would be a water-to-air system that could utilize the existing ductwork.

Water-to-water systems use the water-source to extract thermal energy and use
the energy to heat and cool a residence using a radiant style system. Water-to water

systems are considered hydronic. Radiators, radiant floor heating, hot water base board
heaters, and heated driveway systems use water-to-water heat pump systems. If an
existing home had a traditional boiler heating system, the preferred choice would be a

water-to-water system that could utilize the existing hydronic system.
The hydronic piping system of a water-to-water heat pump system can be used to
cool a residence. Direct-expansion systems are a third system available that use a closedloop system design to circulate a refrigerant through buried copper pipe. These systems

can work with both water-to-air and water-to-water systems.

1.1 What is a Water Main Geothermal System
A water main geothermal system is a water-source heat pump (WSHP) system. It
utilizes the local city water main as the water source. The design of the system is
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achieved by connecting either a water-to-air or water-to-water heat pump to the incoming
supply water line to the residential space. Residential geothermal heat pump units
typically include the heat exchanger required for operation.

If the heat exchanger is not included in the heat pump unit or the included heat
exchanger is not sufficient for the overall system design an auxiliary heat exchanger will
need to be added. Water main geothermal systems can be designed using an open-loop or
closed-loop approach. Since the water main geothermal system uses the local city water

main as the source of heat sink the open-loop and closed-loop designs of these systems

vary from the previously discussed designs. One of the advantages of a water main
geothermal system over a traditional geothermal system is that is does not require the

extensive digging and drilling for the ground loop.
A water main geothermal system has recently been implemented on a commercial
level for a school. The school now has its heating and cooling needs supplied by the

water main geothermal system. This research will expand on the success of this project in

a residential setting and further highlight the potential of a water main geothermal
system.

William L. Buck Elementary School in New York is the first documented water

main geothermal system [1]. The design uses the local city water main as the heat sink
source along with a heat exchanger, water/ glycol recirculation pump, individual room
heat pump system units, a diffusion well, and the local city sanitary sewer. This system is

a hybrid open-loop and closed-loop system.
The open-loop portion of the system receives water from the city water main and

releases the water into a diffusion well and back into the city sanitary sewer after the

3

water passes through a heat exchanger. The closed-loop portion of the system circulates

the water/ glycol solution to each of the geothermal heat pump units. This design has
presented an opportunity for geothermal to be introduced on a larger scale.

The water main geothermal design does not require the installation of ground
loops. Ground-loops require digging and drilling which add to the overall cost of the

system. The water main geothermal system has the potential to alleviate digging and
drilling costs. Ground-loops require sufficient space for install. Not everyone has access

to the required space.

1.2 Literature Review
The introduction of this research work began with a seminar given by Jay Egg.

Jay is a certified geothermal designer, mechanical professional, consultant, author,
speaker, trainer, and President of Egg Geothermal Systems. Jay is the co-author of
Geothermal HVAC: Green Heating and Cooling and Modern Geothermal HVAC

Engineering and Controls Applications. Each of these textbooks have been referenced for
this research.
Geothermal HVAC: Green Heating and Cooling lays the groundwork for

understanding geothermal HVAC in both a residential and commercial setting. The
introduction of this text describes what geothermal means and how it relates to earth
coupling where the ground source is used as a heat sink and storage medium. An

advantage of geothermal HVAC is that it is considered clean and green.
Peak demand is introduced in this text. Peak demand occurs at times of the day
where energy consumption is highest. The National Renewable Energy Laboratory and

Oak Ridge National Laboratory reported on a geothermal project at an Army base in Fort
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Polk, Louisiana. 4,003 U.S. Army housing units were converted to geothermal heat
pumps (GHPs) [11]. This conversion resulted in a 40-50% reduction in peak summer load

[11]. This research showed the potential for reducing peak load when cooling with a
geothermal HVAC system. The report completed by Oak Ridge National Laboratory

showed the same 40-50% reduction in peak load for a heating day [11].
Understanding peak load is important as reducing the peak load can result in a

reduction of energy consumption resulting in a reduction of carbon dioxide emissions
related to electricity generation and use. The U.S. Energy Information Administration
(EIA) has several resources for understanding peak load [10]. Average hourly, monthly,
and annual consumption data [10].

The U.S. Energy Information Administration (EIA) introduces seasonal electricity
load variation [10]. The morning time is often a peak demand time when everyone is

waking up for the day. Appliances, lighting, and HVAC systems contribute to this rise.

The U.S. Energy Information Administration (EIA) estimates that 87% of the U.S. uses

central air-conditioning [10].
According to the U.S. Energy Information Administration (EIA) 2015 residential
electricity consumption can be divided in three major groups: air conditioning, space

heating, and water heating [22]. U.S. Energy Information Administration (EIA) 2015
residential electricity consumption data shows 17% of residential electricity consumption

is used for air conditioning [22]. An additional 15% is used for space heating [22].

Water heating accounts for 14% of residential electricity consumption [22]. A
geothermal system can be designed to accommodate each of these groups. These three

groups combined account for 46% of residential electricity consumption in 2015 [22].
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This 46% of residential electricity consumption presents an opportunity for the

use of geothermal HVAC and domestic hot water heating. We know from the project
completed at the U.S. Army base in Fort Polk, Louisiana there is the potential to reduce
this 46% peak demand by 40-50% resulting in a corresponding reduction in carbon
dioxide emissions [11].
Fossil fuels are the primary source for electricity generation in the United States

per the U.S. Energy Information Administration (EIA) [20]. In the U.S. coal is the
primary combustible fuel used for electricity generation. Natural gas is the second most
used combustible fuel used for electricity generation. Distillate fuel oil is the third largest

combustible fuel used for electricity generation. Understanding that electricity generation

uses fossil fuels is important to understanding carbon emissions.
Every sector in the U.S. uses what the U.S. Energy Information Administration

(EIA) labels retail electricity [20]. The carbon emissions from generating electricity

combined with the carbon emissions from the use of retail electricity accounts for the

largest source of carbon emissions in the U.S. Renewable sources of energy have the

potential to alleviate carbon emissions from both electricity generation and use.
With the provided U.S. Energy Information Administration (EIA) data, the
residential sector can reduce its carbon emissions by reducing the amount of retail
electricity consumption and natural gas use. The use of geothermal HVAC on a larger

scale in the residential sector is a solution. Residential space heating and cooling

combined account for the highest percentage of residential carbon dioxide emissions.
Upon visiting the U.S. Energy Information Administration (EIA) website one can

see that in the U.S. over the past 10 years or so renewable energy consumption has risen.
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Biomass, wind, and solar energy usage has increased. Geothermal is a very small fraction
of the renewable energy picture. Fortunately, geothermal has great potential and the water

main geothermal HVAC system is a part of that solution.
After the 2022 year the U.S. Energy Information Administration (EIA) predicts
carbon dioxide emissions from space heating to decrease continuously to the year 2050

[20]. Per the U.S. Energy Information Administration (EIA) an estimated 429 MMmt

(million metric tons) of CO2 emissions will be the result of residential space heating and
cooling in the 2022 year [20]. Geothermal heat pumps do not use natural gas and by
switching from a natural gas furnace to a geothermal HVAC system the emissions from

natural gas will be reduced.
Geothermal HVAC: Green Heating and Cooling introduces calculating payback

on a geothermal HVAC system. This is an important topic and potential result of

designing and installing the proper geothermal HVAC system for a residential space. The
payback will be different in each residential consumer’s case.

From the cost saving perspective, it is possible to design an HVAC system that
produces the lowest monthly bill without using geothermal energy. This text focuses on
the return on investment coming from tax incentives, annual energy savings, annual

repair savings, and hot water savings. The example used to demonstrate geothermal
system payback includes a system used to heat domestic hot water in the residential
setting [5].

The numbers to consider when calculating payback vary for each case. If you are

replacing a combination gas furnace and air conditioner HVAC system with a geothermal
HVAC system you will be removing the monthly gas bill. You may see an increase in the
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monthly electricity bill in some cases with the installation of a geothermal HVAC system.
Utility rates and geographic location must also be considered when considering the
potential return on investment and savings.
Heat transfer as it relates to geothermal HVAC systems is introduced in
Geothermal HVAC: Green Heating and Cooling. Convection, conduction, and radiation

all fundamental to understanding the heating and cooling of residential spaces are

introduced. A geothermal HVAC system that uses forced air uses convection. The heat

exchange system within a geothermal HVAC system uses conduction. Radiation is
introduced often in floor, wall panel, and ceiling heating geothermal systems. Convection
and conduction are often present in these systems as well.

An introduction to sizing of geothermal HVAC systems is presented within this

text. In the United States we use British thermal units (Btu) to measure the heating and
cooling of residential spaces. A Btu is the measure of energy required to rise the
temperature of one pound (lb.) of water by one degree Fahrenheit (°F). Other important

units introduced are the ton, therm, and kilowatt-hour. A ton is a unit of heat removal and

equivalent to 12,000 Btu. The therm is a unit of heat equivalent to 100,000 Btu. The
kilowatt-hour is a unit of energy equivalent to 3412 Btu. Load sharing is introduced as

advantage of a geothermal HVAC system. The geothermal HVAC system when properly

designed can work with a domestic hot water tank system to produce a more efficient
combined system sharing the energy load. For the scope of this research a domestic hot

water tank system is not being considered.
Geothermal HVAC: Green Heating and Cooling introduces geothermal HVAC

efficiency and load calculations. Understanding the efficiency and load calculations
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involved in the design of a geothermal HVAC system is imperative. The following are
ratios and equations for rating the efficiency of geothermal HVAC systems:

Energy Efficiency Ratio (EER) = E c / P a (Btu/watts)
E c = net cooling capacity (Btu/h)

P a = applied energy (watts)
Coefficient of Performance (COP) = E u / E a
E u = useful energy acquired (Btu)
E a = energy applied (Btu)

kW/ton = 12/ EER or kW/ton = 12/ (COP x 3.412)
COP = EER/3.412 or COP = 12/ (kW/ton)/3.412
EER = 12/kW/ton or EER = COP x 3.412

The energy efficiency ratio (EER) is the ratio of cooling capacity to power input.
The energy efficiency ratio (EER) is the measure of cooling mode efficiency. The
coefficient of performance (COP) is the ratio of total heating capacity to electrical energy

input. The coefficient of performance (COP) is the measure of heating mode. The
coefficient of performance (COP) is the ratio of heat removal to energy input to the

compressor in cooling mode. Per the Air-Conditioning, Heating, & Refrigeration Institute
(AHRI) the seasonal energy efficiency ratio (SEER) is the ratio of total cooling capacity
during normal periods of operation to the total electric energy input during the same time

period. The seasonal energy efficiency ratio (SEER) should not exceed 12 months. The

seasonal energy efficiency ratio (SEER) is historically used to rate the efficiency of

central air conditioning systems. In addition, it is now used to rate air-source heat pumps.
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It is important to understand these ratios and useful equations because they are
used to rate the various capacities of geothermal heat pump equipment. These ratios are

provided in ENERGY STAR ratings as well as in the manufacturer’s product literature.
The energy efficiency ratio (EER) and coefficient of performance (COP) will be listed
with the corresponding capacity of the unit.
Geothermal HVAC: Green Heating and Cooling provides a guide to

understanding the costs of a geothermal HVAC system. Initial costs of installing a
geothermal system can often be offset by available incentives. Federal, state, and local

tax incentives are often available for geothermal systems. Equipment manufacturers will

often have the available incentives information on their website.

Type of system, efficiency ratings of the equipment, size of system, and
ENERGY STAR ratings will determine the total cost. When deciding upon geothermal
HVAC equipment it is important to remember that higher energy efficiency ratio (EER)

and coefficient of performance (COP) ratings will result in long term energy savings.

Maintenance costs will be lower for higher quality equipment. Proper design will ensure
that the appropriate equipment is purchased.

The ENERGY STAR requirements for geothermal heat pumps are provided on
the U.S. EPA website. These requirements must be met for geothermal heat pumps to

receive the ENERGY STAR Most Efficient Category as well. ENERGY STAR
certification is important because the 26% renewable energy tax credit available under
the Consolidated Appropriations Act of 2021 requires it. HVAC: Green Heating and
Cooling and Modern Geothermal HVAC Engineering and Controls Applications have

provided a strong foundation for this research work. Through these texts geothermal
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HVAC fundamentals and design are introduced. A water-to-air geothermal system will be

introduced in this research work.

The system will use a water-source heat pump (WSHP). The water source will be
the local city water main. The energy efficiency ratio (EER) and coefficient of

performance (COP) of the system will be introduced. Cost of operating the system will be
provided.

Jay Egg’s seminar on geothermal HVAC was the starting point for this research
work. After his seminar, the research and investigation into what geothermal HVAC is
and what research work has been completed began. During this time, I was introduced to

the report “Water Main Geothermal: Could Existing Water Pipes Replace Dirty Energy

Utilities?”. The report was authored by Lilli Ambort and John Farrell.
At the time of this work Lilli was an intern with the Energy Democracy Initiative

where she contributed to this report. John is the co-director of the Institute for Local Self

Reliance, and he directs the Energy Democracy Initiative. Combined Lilli and John have

environmental, economic, political, and renewable energy backgrounds.
Their work had contributions from Jay Egg and Xiaobing Liu. Dr. Xiaobing Liu

worked for ClimateMaster and now works at Oak Ridge National Laboratory in Research
and Development. “Water Main Geothermal: Could Existing Water Pipes Replace Dirty

Energy Utilities?” expands on the project at William L. Buck Elementary School in New
York. Potential future design concepts for a water main geothermal system are presented

and next steps for getting another water main geothermal system off the ground.

The water main geothermal HVAC system project at William L. Buck Elementary

School resulted in a $600,000 savings for the school [1]. This successful geothermal
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design introduced in a commercial setting provides a solution for the residential sector.

Valley Stream School District 24, American Water Company, NY Public Utility
Commission, Bosch Thermo-technology, Bancker Construction, Don Penn (Image

Engineering Group, Ltd), and Jack DiEnna (Geo-NII) worked together to achieve the

William L. Buck Elementary School project.
In the 2017 Geo Outlook Vol. 14 No. 1 issue Heather Anderson from Bosch

Thermo-technology first reported on the success of the William L. Buck Elementary
School. Since that first report on the project “Water Main Geothermal: Could Existing

Water Pipes Replace Dirty Energy Utilities?” was authored expanding further on
potential design solutions and a feasibility study to be used when considering a potential
water main geothermal project.

Those potential design solutions and the feasibility study will be addressed in this
research work. Valley Stream School District 24, American Water Company, NY Public

Utility Commission, Bosch Thermo-technology, Bancker Construction, Don Penn (Image
Engineering Group, Ltd), and Jack DiEnna (Geo-NII) worked together to achieve the

William L. Buck Elementary School project. William L. Buck Elementary saw a 56%

reduction in energy consumption per square foot and a 6% reduction in annual energy

costs [1]. The 6% reduction in annual energy costs resulted in an annual savings of
$40,000 [1].

The William L. Buck Elementary School project sought the expertise of Oak
Ridge National Laboratory. “Evaluation of the Impacts of Heat Exchanger Operation on
Quality of Water Used as Heat Source and Sink” was authored by Ellen D. Smith and

Xiaobing Liu as a result. The main purpose of the research investigation was to examine
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the impact the water main geothermal system heat exchanger had on the quality of water.

The research investigation conclusion showed there were no changes in the quality of the
water that would prevent it from water supply.

The quality of water after heat exchange conformed to the governing regulatory
standards [19]. Although the research investigation reported the quality of water after

heat exchange adhered to the governing regulatory standards there were relevant findings
that should be considered in future research, regulatory decisions, and designs. There was
change in water temperature after heat exchange reported and formation of biofilms [19].

Legionella was detected at low levels in samples of the biofilm [19].
The quality of water after heat exchange met the U.S. EPA and New York State

regulatory standards for drinking water quality [19]. Inflow and outflow both had
instances of exceeding secondary standards based on aesthetics [19]. These
measurements exceeded allowable amounts of iron, manganese, and chlorine odor [19].

Legionella is the bacterium that causes Legionnaires’ disease [15]. Legionella
occurs naturally in freshwater environments [15]. Lakes and streams are among those
freshwater environments. Low levels of the bacteria found in freshwater environments do

not contribute to disease [15].
When introduced into a building water system there is potential for health risks

[15]. Legionnaires’ disease is contracted when water droplets containing Legionella or
contaminated water enter the lungs. Legionella is found within a temperature range of
77°F-113°F [15]. Keeping water outside of this temperature range, monitoring

disinfectant levels within the water system, preventing stagnation in the water system,

13

frequent operation and maintenance of all related water distribution equipment, and

monitoring will prevent disease and bacteria spread [15].
“Efficacy of new point-of-use water for preventing exposure to Legionella and
waterborne bacteria” is a research work completed showing point of use filtering has a
99% reduction rate in legionella bacteria [18]. Legionella is common in freshwater

systems per the CDC. Proper engineering controls can prevent legionella from becoming

a concern. Although the research investigation completed at Oak Ridge National
Laboratory showed that the quality of water met the requirements of the U.S. EPA and
New York State regulatory standards for drinking water quality additional engineering

controls could be developed for these systems to eliminate any potential bacteria
problems.

Water quality is not going to be a concern for a water main geothermal system
that does not deliver the water back into the water source as is the case for William L.

Buck Elementary School. “Water Main Geothermal: Could Existing Water Pipes Replace

Dirty Energy Utilities?” presents a series of water main geothermal system designs.

These designs provide several solutions for adopting water main geothermal systems on a

larger scale. Each design utilizes the existing local city water main. Option 1 in Figure 1
represents a residential system where the heat exchanger and heat pump are owned by the

resident. Option 2 represents a system where the heat exchanger is owned by the utility
company and the heat pump is owned by the resident. Option 3 represents a case where
the system uses a community heat exchanger owned by the utility company and the
individual heat pumps are owned by the residents. Option 4 is the same as option 3

except there is a shared community glycol loop.
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Figure 1: Figure from “Water Main Geothermal: Could Existing Water Pipes Replace
Dirty Energy Utilities?” [8]

These designs introduce the water back into the water supply after heat exchange.

If quality of water is a concern for these designs additional engineering controls could be
adopted. The designs presented in “Water Main Geothermal: Could Existing Water Pipes
Replace Dirty Energy Utilities?” allow city water utilities to generate new revenue [8].

This allows residents to work with their city water department for their heating and
cooling needs. The design solutions presented in Figure 1 have the potential to allow
local water utilities to introduce water main geothermal systems in residential spaces on a

larger scale. The local water utility will generate new revenue and play a vital role in
reducing carbon emissions. Residential homes often lack the space needed to install a
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traditional geothermal system that requires a vertical or horizontal ground loop system.
The water main geothermal system does not require a ground loop system.

1.3 Research Objective

The main objective of this research is to:
■

Design a residential water main geothermal system using TRNSYS 18 with the

TESS component library package
■

Evaluate the performance of the system

■

Provide an economic analysis and feasibility study of the system

■

Provide a guide explaining the design and simulation procedure using TRNSYS

18 with the TESS component library package

1.4 Research Outline
This research was conducted in the following manner:
■

Create a design for a water main geothermal system

■

Complete the design using TRNSYS 18 with the TESS component library
package

■

The output of the system was designed to provide the following
o Total water usage
o Heating capacity
o Cooling capacity
o Total power required for heating
o Total power required for cooling

■

Run the simulation and review the results

■

Evaluate the performance of the system
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■

Perform an economic analysis of the performance results

■

Perform a feasibility study on the design

■

Develop a guide explaining the design and simulation procedure using TRNSYS

18 with the TESS component library package

1.5 Organization of the Report
Chapter 1 provides the research work introduction, literature review, research

objective, research outline, and report organization. Chapter 2 will cover the development

of the TRNSYS detailed guide, explaining the procedure for using TRNSYS 18 with the
TESS component library package. Chapter 3 covers the water main geothermal design

stages and design. The simulation of the water main geothermal system and simulation

results are included in Chapter 3. An overview of how the TRNSYS 18 and TESS
component library package was used in the design and simulation of the model are

presented. Chapter 4 will provide an evaluation of the performance of the system. This
will include the efficiency of the system, heating and cooling capacities, power
consumption, and water usage. The water main geothermal system will be evaluated

against the available alternatives including a traditional geothermal system, air-source
heat pump system, traditional electric furnace central air conditioning system. An
economic analysis of the performance of the system will be included in this chapter. A

feasibility study of the water main geothermal system design will be conducted

concluding the chapter.
Chapter 5 will cover the results and discussion. The results and discussion will

include several tables that will summarize the results of the water main geothermal heat
pump HVAC system against the results of the traditional geothermal heat pump HVAC
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system, the air-source heat pump HVAC system, and the electric furnace central air

conditioning system. The tables will provide additional discussion of the results from the
varying climate regions using the water main geothermal system as the basis for

discussion. Chapter 6 will provide concluding remarks. The conclusion of this research
work will provide the final determination of the feasibility of the water main geothermal

heat pump HVAC system. The purpose of this research work is to provide that
information. Until now the required water usage for the system was unknown. Leaving
the feasibility of owning a water main geothermal heat pump HVAC system as unknown.

The extensive use of simulation was necessary to further validate the performance

results. This research started off using the default TRNSYS 18 component values as the
baseline for performance analysis. The capacities of the heat pumps used were the default

capacities provided. The simulation evolved to include actual manufacturer performance
data. The results of the simulations agreed with the manufacturer data. The COP and EER

values agreed with the manufacturer data. Additional TRNSYS 18 simulation results will
be available in the Appendix. These results were from the various TRNSYS 18
simulations throughout this research work. This research will provide an in-depth
analysis and highlight the potential of a water main geothermal system.
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CHAPTER II

TRNSYS GUIDE

2.1 Functionality of TRNSYS Components
TRNSYS is a powerful energy system simulation tool. The software contains
components that allow for ease of simulating energy systems in a building environment.

TRNSYS has the power to simulate geothermal HVAC systems. There is a library of
TESS components dedicated to the simulation of a geothermal HVAC system. The
components can be arranged to compliment the design of a geothermal HVAC system.

The functionality of each component differs based on the design intent. Each
component has a list of inputs and outputs. The inputs and outputs provide data used for

system design analysis. A water main geothermal HVAC system was designed using the
water-source heat pump water-to-air component.

The water-source heat pump component has inputs and outputs used to

communicate the desired information for performance evaluation. The components
resemble manufactured products found in industry. The inputs and outputs that drive the

individual components would be the same for the manufactured product.
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The TRNSYS components are governed by the engineering principles, laws, and
equations from which they are derived. The source code used for each component relies

heavily on these engineering principles, laws, and equations. The TRNSYS 18 download

includes the source code for the components. The educational TRNSYS 18 version and
14 TESS component libraries were purchased for this research.

2.2 Detailed User Guide of the System
This detailed user guide provides the necessary information to understand the
design of the water main geothermal system. Each component used in the design

including inputs, outputs, and equations will be covered. Each component is unique in
how it was developed. There are governing equations behind the performance of each

Component. The components must be arranged and connected in a manner that allows for
proper communication of the data.

The first TRNSYS component of the system is the Type15-TMY3 weather data
processor. This TRNSYS component can read typical meteorological year version 3
(TMY3) format weather data files. After reading the weather data the Type15-TMY3

weather data processor can interpret the data into 59 different outputs. This is a powerful

component. For this simulation, the output used is the dry bulb temperature output.
The TMY3 weather data file used for this simulation is from the Cleveland

Hopkins International Airport location. The TMY3 file contains data sets for a one-year
period of meteorological and solar radiation data from the Cleveland Hopkins
International Airport. The Type15-TMY3 weather data processor reads the TMY3 data at
regular time intervals and interpolates the data in less than an hour timesteps. The dry
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bulb or ambient temperature which is interpolated as described is being output to other

components within the water main geothermal HVAC system design.
The default unit of the Type15-TMY3 Weather Data Processor is °C and it can be
easily converted to any other unit as needed. The dry bulb temperature output is sent to

two other TRNSYS components within the software model. These two components are

the Type759 simple lumped capacitance multi-zone building model and the Type65d

online graphical plotter.

The dry bulb temperature of the Type15-TMY3 weather data processor is sent to
the ambient air temperature input of the Type759 simple lumped capacitance multi-zone
building model. This allows the Type759 simple lumped capacitance multi-zone building

model to interpret the local weather data for simulation. The dry bulb temperature of the
Type15-TMY3 weather data processor is sent to the Type65d online graphical plotter and
received as an input variable which allows the temperature data to be displayed

graphically for analysis.
The ability of the Type15-TMY3 weather data processor to provide a year worth
of local meteorological and solar radiation data is important for the analysis of the

system. The seasonal performance analysis including the operational costs are both
dependent on this data. The Type15-TMY3 weather data processor accepts typical

meteorological year version 3 (TMY3) format weather data files for any location for
which they are available. This allows the water main geothermal HVAC system design to

be analyzed regionally in the location of the weather data.
The Type15-TMY3 weather data processor collects and sends the local Cleveland

Hopkins International Airport weather data to the Type759 simple lumped capacitance
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multi-zone building model and the Type65d online graphical plotter. The location of the
TMY3 file needs specified and the necessary connections to the Type759 simple lumped

capacitance multi-zone building model and the Type65d online graphical plotter need

completed. When a connection is made between two TRNSYS Components the
corresponding connections window opens.
Within the connections window the inputs and outputs are connected as desired.

This allows the desired weather data output to be received as an ambient temperature
input in the Type759 simple lumped capacitance multi-zone building model and the
Type65d online graphical plotter.

The second TRNSYS component of the system is the Type759 simple lumped
capacitance multi-zone building model. This component is used to simulate the built

environment or residence. The building zone of the Type759 simple lumped capacitance

multi-zone building model is simulated with infiltration effects, skin loses, ventilation
effects, conductive and convective exchanges with adjacent zones, and internal heat and

mass gains accounted for. The building zone temperature and humidity are modeled
using this data.
The heat and mass balances of the building zone at each time step are solved

using two differential equations. The volume of the building zone is accounted for using
the Type759 simple lumped capacitance multi-zone building model. For this research,

this volume is the volume of my residential home 350 m3 or 12360.1 ft3.

The overall design and data communication flow of the Type759 simple lumped
capacitance multi-zone building model represents my residential home. First, the volume

of my home 350 m3 or 12360.1 ft3 needs input. Next the Type759 simple lumped
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capacitance multi-zone building model needs to communicate the zone temperature to the
TRNSYS Type166 simple thermostat using a connection.

After the connection is made the zone temperature becomes the monitoring
temperature. The Type759 simple lumped capacitance multi-zone building model is

connected to the Type65d online graphical plotter. The zone temperature of the
residential home is plotted to monitor performance.
The third TRNSYS component of the system is the Type166 simple thermostat.
The simple thermostat is used to output on and off control signals that determine whether
the water main geothermal system is in heating or cooling mode. If the simple thermostat

control signal is 1 it is either in heating or cooling mode depending on the temperature
conditions. If the simple thermostat control signal is 0 heating or cooling is not necessary.
The monitoring temperature of the thermostat is driven by the zone temperature of
the Type759 simple lumped capacitance multi-zone building model. The Type166 simple

thermostat sends the on-control signal to a TRNSYS equation editor named HP water
flow. HP water flow communicates the on condition to the TRNSYS diverter control
used to send water to the Type919 water source heat pump model from the TRNSYS

diverter valve.

The Type166 simple thermostat works with an additional equation editor named
HP power. The Type166 simple thermostat sends either the control signal for heating or
the control signal for cooling to HP power. HP power is used to integrate the system
power and heating and cooling rates for performance analysis.

The Type 166 simple thermostat is connected to the Type919 water source heat
pump model. The Type 166 simple thermostat sends either the control signal for heating
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or the control signal for cooling to the Type919 water source heat pump model. The

signal is used to determine when the system is in heating or cooling mode. TRNSYS
equation editors are in a class of their own. For the design of the water main geothermal

system four equation editors were used. HP water flow is the first. HP water flow
communicates the on condition to the TRNSYS diverter control used to send water to the
Type919 water source heat pump model from the TRNSYS diverter valve.

The second equation editor is HP power. HP power is used to integrate the system
power and heating and cooling rates for performance analysis. HP power excepts inputs

from the Type 166 simple thermostat and the Type919 water source heat pump model
and sends output data to the TRNSYS Type46a Printegrator. The output data sent to the

Type46a Printegrator is integrated for system performance analysis.
The third equation editor is the diverter control. The diverter control sends the

control signal to the TRNSYS Typellf diverter. The control signal lets the diverter know
when to send water from the water main to the Type919 water source heat pump model.
The fourth TRNSYS equation editor is the mains drivers. The mains drivers

equation editor provides the flow of the water main. The flow value used was provided

by the City of Cleveland Water Department and represents the flow from the water main
at my residential home.

The fourth TRNSYS component is the Type919 water source heat pump model.
The Type919 water source heat pump model represents a single-stage water-source heat

pump. This unit is a water-to-air unit and works with a ducted HVAC system.
The Type919 water source heat pump model receives the control signal for

heating or cooling from the Type166 simple thermostat. The Type919 water source heat
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pump model receives water from the water main through the TRNSYS Type952-User
buried horizontal pipe component labeled supply. The supply provides the water
temperature and flowrate to the Type919 water source heat pump model.

The Type919 water source heat pump model sends the exiting water back to the

water main via the TRNSYS Type952-User buried horizontal pipe component labeled
return. The water temperature and flowrate are provided to the supply from the Type919

water source heat pump model. The Type919 water source heat pump model sends the

total heat transfer to air and heat pump power to the equation editor HP power so the data

can later be integrated.
The Type919 water source heat pump model circulates the conditioned air

throughout the duct system after the residential zone air has entered the return side of the
system. The Type919 water source heat pump model sends the COP and EER data to the
Type65d online plotter for further system performance analysis. The Type65d online

plotter is used to plot the ambient and zone temperatures. The COP and EER
performance data are compared against these two temperatures.
The fifth TRNSYS component is the Type46a Printegrator. The Type46a

Printegrator integrates the data received from other components. After integrating the
data, the Type46a Printegrator prints the data to a file that can be imported into Excel.

The Type46a Printegrator data is used for further data analysis of the system simulation.
The TRNSYS Type46a Printegrator captures the water consumption data from the
return line, integrates the data, and prints the data for each month. The TRNSYS equation
editor HP power provides the Type46a Printegrator with the heat transfer and heat pump

power data for integration. The TRNSYS Type46a Printegrator integrates the monthly

25

heating capacity, cooling capacity, power required to heat, and power required to cool for
the system and prints the data for analysis.

The sixth TRNSYS component is the Type65d online graphical plotter. The
Type65d online graphical plotter is used to graphically plot data for visual analysis. The
Type65d online graphical plotter is an efficient tool for troubleshooting any potential

system errors. The Type919 water source heat pump model COP and EER performance
data is plotted with the ambient temperature data from the dry bulb temperature of the

Type15-TMY3 weather data processor and the zone temperature data from the Type759
simple lumped capacitance multi-zone building model.
The seventh TRNSYS component is the Type952-Auto buried noded pipe. This

component is used to model the water main, supply line from the water main, and return
line from the water main. The Type952-Auto buried noded pipe models the energy

transfer between the cylindrical pipe and surrounding ground. Conduction is accounted
for in the model and simulation. The model and simulation of the Type952-Auto buried
noded pipe is dependent on the depth and time of the year weather data.

The first Type952-Auto buried noded pipe is labeled mains. This is the beginning
section of the city water main. Mains accepts the inlet fluid flowrate from the equation

editor mains drivers. The flowrate was provided by the City of Cleveland Water
Department along with the diameter of the water main, depth at which it is buried, and
temperature range of the water. The temperature, diameter, and depth are input in the
mains component. Mains is connected to the TRNSYS Type11f controlled flow diverter.

Mains passes the outlet fluid temperature and outlet fluid flowrate to the Type11f

controlled flow diverter. The Type11f controlled flow diverter accepts each as an input.
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The second Type952-Auto buried noded pipe is labeled mains-2. Mains-2

receives the inlet fluid temperature and inlet fluid flowrate from the Type11f controlled
flow diverter. After mains-2 passes the outlet fluid temperature and outlet fluid flowrate

to the TRNSYS Type11h tee piece flow mixer. Mains-2 represents the section of the
water main after the supply line to the Type919 water source heat pump model. The third

Type952-Auto buried noded pipe is labeled supply. Supply connects the water main to
the Type919 water source heat pump model. The diameter of the supply line is the same
as diameter coming from the water main to my residential home. The diameter is 1”.

Mains-2 is connected to Type11f controlled flow diverter and the Type919 water source
heat pump model.

The fourth Type952-Auto buried noded pipe is labeled return. The return line
models the system as if the water were being returned to the city water main. The return
line is connected to the Type919 water source heat pump model and the Type11h tee

piece flow mixer. This model represents the water leaving the Type919 water source heat
pump model and returning to the city water main via the Type11h tee piece flow mixer.

The return line is connected to the Type46a Printegrator where it sends the outlet fluid
flowrate to be integrated into a form where total monthly water consumption data is

produced. The total monthly water consumption data is used to produce the monthly
water and sewer bill. This is important because until now it was unknow. The eighth

TRNSYS component is the Type11f controlled flow diverter. The Type11f controlled
flow diverter is used for simulation. The Type11f controlled flow diverter delivers water

from the city water main to the supply line when the Type919 water source heat pump is

in heating or cooling mode.
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The Type11f controlled flow diverter is connected to the equation editor diverter
control. The diverter control sends the control signal to the TRNSYS Type11f diverter to
deliver water to the supply line. The Type11f controlled flow diverter is connected to the

city water main. Mains and mains-2 represent the city water main connections. The inlet
and outlet fluid temperature and fluid flowrate data are passed through these connections.

The ninth and final TRNSYS component is the Type11h tee piece flow mixer. The
Type11h tee piece flow mixer allows the water to be delivered from the return line back

to the city water main. The Type11h tee piece flow mixer receives water from mains-2.
The Type11h tee piece flow mixer does not deliver water to any component. The
Type11h tee piece flow mixer is the end of the water main model. TRNSYS 18 and the

14 TESS component libraries were purchased for this research.

The ability of the TRNSYS software package to effectively model a geothermal
HVAC system contributed to this decision. The TRNSYS 18 TESS component library

distinguishes the software from other available software used for building energy
simulation. The Type15-TMY3 weather data processor component is available in the

weather data reading and processing library. The Type759 simple lumped capacitance

multi-zone building model is available in the loads and structures (TESS) library. The
Type166 simple thermostat is available in the controllers library. The TRNSYS equation
editor is available in the assembly drop-down menu. The Type919 water source heat

pump model is available in the GHP (TESS) library. The Type46a Printegrator and the
Type65d online graphical plotter are available in the output library. The Type952-Auto

buried node pipe is available in the GHP (TESS) library. The Type11f controlled flow

diverter and the Type11h tee piece flow mixer is available in the hydronics library.
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CHAPTER III

WATER MAIN GEOTHERMAL SYSTEM DESIGN

3.1 Design Criteria
The water main geothermal system design represents option 1: individually

owned heat exchangers from “Water Main Geothermal: Could Existing Water Pipes
Replace Dirty Energy Utilities?” [8]. This design was selected because it can best

represent a proposed residential design solution and commercial solution like the design

achieved at William L. Buck Elementary. The design model simulates a heat exchanger
connected to the water main where the heat exchanger branches off the water main. The
water enters the heat exchanger inlet, exits the outlet, and returns to the main. The

required water usage for the system is an important output to capture from the simulation.

The water usage is a key factor in the economic analysis of the system. The water main

geothermal system design William L. Buck Elementary used did not return the water to
the main after it was used for heat sink. Instead, the exiting water from the heat

exchanger was returned to the local utility sanitary sewer and diffusion well. The original

desired design at William L. Buck Elementary did include a system that returned water to
the local city water main after heat exchange.
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In a residential setting this same system would use only the sanitary sewer for

water return. Using a diffusion well in a residential setting would increase the cost and

require availability of space for the well. By using option 1 for the design the water usage
required for the system should be the same as if the system design were such that the
water returned to the sanitary sewer instead of the water main after heat exchange for a

single residence. The design model must represent the water main, the water supply line,
and the water return line. The geothermal heat exchanger and Water-source heat pump
are required for design. In addition, the residence will need to be included in the design

model.
A method to simulate the geographic environment in which the residence is
located is crucial to the design of the model. Geographic weather data needs to be
captured for the design model to be accurate. Temperature control is needed for

simulation of heating and cooling a house. Total water usage, heating capacity, cooling

capacity, required power to heat, and required power to cool must be captured using an

output device that will allow for a performance and economic evaluation of the system.
A modelling and simulation tool is needed to complete the analysis. The use of
software is the most efficient and effective way of designing, modelling, and simulating

the water main geothermal system. The choice of software to use must be determined.

There are several software programs that could be used however choosing an energy
based software capable of simulating HVAC building environments is the preferred

choice. The software should be flexible and allow for several design iterations to be
adopted. The ability to adapt to a variety of residential zones must be considered when
design the system in the TRNSYS 18 simulation software.
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3.2 System Design

Figure 2: TRNSYS Water Main Geothermal HVAC System Design
Figure 2 shows the final design of the water main geothermal system. Each of the
TRNSYS components are shown along with the necessary connections that allow the
components to communicate. The overall connection layout reflects the flow of

communication and decision process.

3.3 The Water Source System
The water source system consists of the local city water main, a flow diverter

valve, the supply line, the return line, a mixing valve, and two inputs used to provide the
flow of water in the main and control the diverter valve. The size of the city water main is
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8” in diameter [2]. The static pressure of the city water main is 95psi [2]. The water

supply availability is 1,900gpm at 20psi residual pressure [2]. The water supply
temperature is 59OF (Range 40°F-70°F) [2]. The depth of the water main is 6ft (Typical

5ft-6ft) below the ground surface [2].

3.4 The Water-Source-Heat-Pump (WSHP)/ Heat Exchanger Unit
The water-source-heat-pump (WSHP) shown contains the heat exchanger within
the unit. This is a common manufacturer design for a residential water-source-heat-pump
(WSHP). The heat pump is a water-to-air water-source-heat-pump (WSHP). The heat

exchanger uses the local city water main as the water source heat sink to provide heating

in the winter and reverse the process and cool in the summer. Forced air provided by the
unit distributes the heating and cooling through the ductwork.

The water-source-heat-pump (WSHP) is connected to the city water main. The

water supply line from the city water main has a 1” diameter. The supply line connects to
the inlet of the water-source-heat-pump (WSHP) unit. The water return line to the city

water main has a 1” diameter. The return line connects to the outlet of the water-source-

heat-pump (WSHP) unit. The water-source-heat-pump (WSHP) is controlled by the
thermostat.

3.5 The Temperature Control System
The temperature control system consists of a simple thermostat with a monitoring
temperature (68°F or 20°C), heating setpoint (68°F or 20°C), and cooling setpoint

(73.4°F or 23°C). The thermostat monitors the residence temperature and decides
whether the water-source-heat-pump (WSHP) unit is in heating mode or cooling mode.
The thermostat is used to communicate to the water flow recording device when the
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geothermal HVAC system is in use. The thermostat settings used are close to the default

manufacturer thermostat settings used for heat pumps.
3.6 The Residential Model

The residential model consists of a residential zone. This zone can model the
temperature and humidity of the residential zone. Infiltration effects, ventilation effects,
skin losses, internal heat gains, and internal mass gains influence the temperature and

humidity of the residential zone. Conduction and convection are present within zones and
influence the temperature and humidity of the residential zone. The volume of the
residential zone represents the volume of my house (12360.1 ft3 or 350 m3).

The volume can be calculated or modeled in SketchUp which is a modeling
software that works with TRNSYS. Both methods were used for this research. The
temperature and humidity of the residential zone are modeled using weather data. This

weather data is available in any major weather data format. For this experiment the
weather data used is in the TMY2 and TMY3 format.
3.7 The Output Devices

The two output devices are the TRNSYS Printegrator and online plotter. The

Printegrator receives an input from the model and integrates the input over a user-

specified period. The online plotter is used to plot the inputs that it receives from the
residential model. Total water usage, heating capacity, cooling capacity, power required

for heating, and power required for cooling are captured by the Printegrator for this
research work. The online plotter is used to observe the coefficient of performance (COP)
of the heat pump, the energy efficiency rate (EER) of the heat pump, residential zone

temperature, and ambient air temperature as a function of time.
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3.8 The Simulation Results/ Output Data
The simulation results and output data are user-specified. The TRNSYS

Printegrator outputs the data in a format that can be imported into Excel. From Excel the
data can be organized and evaluated. For this research, the output data is organized and

evaluated using charts. Total water usage, heating capacity, cooling capacity, power
required for heating, and power required for cooling are output by the TRNSYS

Printegrator for this research.
The water usage data is used to calculate the monthly water and sewer bill. The
power required for heating and power required for cooling are used to calculate the total
power required to operate the system. From the total power used the monthly electricity

bill is calculated. The online plotter is used to observe the overall performance of the

system over time. The data from the plot can easily be exported into Excel.

Figure 3: Water Main Geothermal HVAC System - Monthly Water Usage
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Figure 3 highlights the water consumption required to operate the water main
geothermal HVAC system. The weather data used for this simulation is from Cleveland,

Ohio. The weather data is in the TMY3 format. The actual weather data comes from

Cleveland Hopkins International Airport. The required water consumption for the system
is greatest in the winter months when the system is in heating mode.
Until now the monthly water usage for the water main geothermal HVAC

residential system was unknown. The water requirement to operate this system is what
separates it from the traditional geothermal HVAC system. The monthly water usage is
used to calculate the cost of the water and sewer bill for the system. With the traditional

geothermal HVAC there is no water use requirement for operation. This results in no

monthly water and sewer bill.

Electricity Usage (kWh)

Figure 4: Water Main Geothermal HVAC System - Monthly Electricity Usage
Figure 4 depicts the electricity consumption required to operate the water main
geothermal HVAC system. The required electricity consumption for the system is
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greatest in the winter months when the system is in heating mode. Figure 4 resembles
Figure 3. The comparison shows the relationship between water consumption in gallons
and electricity consumption in kilowatt hours.

The monthly electricity consumption is used to calculate the monthly electric bill
requirement for system operation. The traditional geothermal HVAC system uses
electricity for operation. There is a monthly electric cost associated with the operation of

the traditional geothermal HVAC system. A future analysis will observe if the water main
geothermal HVAC system or the traditional HVAC system has the higher monthly

electric bill.

Monthly Utility Costs ($)

Figure 5: Water Main Geothermal HVAC System - Monthly Utility Costs
Figure 5 provides the monthly utility costs for water, sewer, and electricity. The
costs are the current costs associated with Parma, Ohio, 44129. The water bill is provided

by the Cleveland Water Department. The sewer bill is provided by the Northeast Ohio
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Regional Sewer District. The water and sewer bill are calculated from total thousand
cubic foot (MCF) usage for the month. 1 MCF = 7,480 gallons of water.
Each month the Cleveland Water Department provides a bill based on a monthly

fixed charge and the MCF usage. The monthly fixed charge is based on the size of the
water meter which in this case is the same as the size of the supply line to the house and

water-source-heat-pump (WSHP) unit. The size of the supply line is 1” in diameter. The

MCF rate is based on how far the residence is located and at what elevation from the

main water source Lake Erie.
My house which is used for the model in this research is in what is designated as
the 2nd High Service Area by the Cleveland Water Department. The rate for the first 0 to

0.2 MCF is $34.96. For each additional MCF the rate is $59.44. The Cleveland Water
Department provides the current year rate information along with the next three years.

This information can easily be used to estimate the water utility costs for the next three
years.

The Northeast Ohio Regional Sewer District provides the monthly sewer bill for
my residence. The sewer rate is based on the location of my residence. Parma, Ohio is a

suburb of Cleveland. The sewer rate for suburbs is $106.80 per MCF added to the

monthly base charge of $9.70. In addition to the sewer charge there is a stormwater fee.
The stormwater fee is based on whether the type of property is residential or nonresidential. I have a residential property. There are tier categories for residential

properties based on the impervious surface area (sq. ft.) of the property. I am in the Tier

2/Base (2,000-3,999) (sq. ft.) and have a monthly fee of $5.15. The Cleveland Electric
Illuminating Company which is a First Energy Company provides my monthly electric
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bill. The electric bill is based on the monthly kWh reading or usage. Along with the

monthly kWh consumption charge there is a monthly customer charge, distribution
related component charge, cost recovery charge, and bypassable generation and

transmission related component charge. The combination of all these charges is
equivalent to an average charge of $0.13 per kWh.
Understanding the costs associated with the water consumption required to
operate a water main geothermal HVAC system is important. These costs will vary based
on the geographic location of the residential space. These costs apply to the water main

geothermal HVAC system design currently available in the Cleveland, Ohio market. The

increase in the monthly water and sewer bill in this research work was less than the

monthly gas bill for operating the traditional gas furnace HVAC system used for heating.
By integrating the water main geothermal HVAC system, the need for the natural gas
based furnace has been removed. In addition, the carbon footprint for the residential

space has improved.
Electric costs are higher than the cost of water and sewer combined for the winter

heating months. The months of May, June, August, and September experience a higher
combined water and sewer bill. The average monthly water and sewer cost is lower than

my current average monthly gas bill requirement for operating a natural gas furnace for
heating. During the winter months the cost of electric for operating the water main

geothermal HVAC system compared to the natural gas furnace is higher. During the

summer months the cost of electric for operating the water main geothermal HVAC

system compared to the natural gas furnace is lower. The residential geothermal HVAC
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system uses more electricity for heating than a natural gas furnace and less electricity for
cooling than a central air-conditioner.

Figure 6: Water Main Geothermal HVAC System - Monthly Capacities
Figure 6 provides the monthly total heating and cooling capacities for the water

main geothermal HVAC system. This figure represents the total heat transfer from the
water-to-air heat pump unit to the air. As shown in the figure during the summer months
when in cooling mode the cooling capacities show as negative values. Figure 6 provides
the performance data related to how well the water-to-air heat pump is heating and
cooling the residential space.

The information can be used to determine where potential energy savings could
be located based on consumption. Adjusting the thermostat used for heating and cooling
setpoints is one-way energy savings can be accomplished. Verifying the system heat
pump size requirements is another.
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Figure 7: Water Main Geothermal HVAC System - January Performance Data
Figure 7 provides additional information about the water-to-air heat pump

performance during the month of January. The coefficient of performance (COP) of the
heat pump, the energy efficiency rate (EER) of the heat pump, residential zone

temperature, and ambient air temperature are plotted as a function of time. The residential
zone temperature is shown to be at a higher temperature than the ambient outdoor air
temperature as it should do to heating. The coefficient of performance (COP) of the heat

pump and the energy efficiency rate (EER) of the heat pump shown are agreeable with
the manufacturer data.

The water-to-air heat pump was preloaded in TRNSYS with capacity and

performance data. For this simulation, the rated heating and cooling capacities are from
the manufacturer’s literature for a five-ton unit. Depending on the type of loop system
one capacity is usually higher than the other. These capacities can be adjusted for better

performance data by changing the size of the unit.
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Figure 8: Water Main Geothermal HVAC System - July Performance Data
Figure 8 provides additional information about the water-to-air heat pump

performance during the month of July. The coefficient of performance (COP) of the heat
pump, the energy efficiency rate (EER) of the heat pump, residential zone temperature,

and ambient air temperature are plotted as a function of time. The residential zone
temperature is shown to be at a lower temperature than the ambient outdoor air
temperature as it should be due to cooling. The coefficient of performance (COP) of the

heat pump and the energy efficiency rate (EER) of the heat pump shown are agreeable
with the manufacturer data.

Figure 8 shows the zone temperature remains at the thermostat setpoint of 73.4°F
or 23°C. The energy efficiency rate (EER) of the heat pump in Figure 8 agrees with the

manufacturer’s energy efficiency rate (EER) specification value of 25.2. The energy
efficiency rate (EER) is consistent throughout the entire month of July.
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Figure 9: Water Main Geothermal HVAC System - December Performance Data
Figure 9 provides additional information about the water-to-air heat pump

performance during the month of December. The coefficient of performance (COP) of
the heat pump, the energy efficiency rate (EER) of the heat pump, residential zone

temperature, and ambient air temperature are plotted as a function of time. The residential
zone temperature is shown to be at a higher temperature than the ambient outdoor air
temperature as it should do to heating. The coefficient of performance (COP) of the heat

pump and the energy efficiency rate (EER) of the heat pump shown are agreeable with
the manufacturer data. The overall performance of the Water Main geothermal HVAC

system is positive. The simulation shows the unit is in heating mode when it is expected
to be and in cooling mode when it is expected to be. Required water and electricity

consumption for operation can be obtained from the simulation. This information can be
used to calculate the monthly utility bills.
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CHAPTER IV

SYSTEM PERFORMANCE

4.1 Alternative System Performance Evaluation
The water main geothermal HVAC will now be evaluated using the Cleveland

Hopkins International Airport typical meteorological year version 3 (TMY3) weather
data against alternative HVAC system solutions. The performance of the water main
geothermal HVAC system will be compared against the performance of a traditional
geothermal heat pump HVAC system, an air-source heat pump HVAC system, and an

electric furnace central air-conditioning HVAC system.

For this performance analysis the monthly electricity usage of each alternative

system will be observed and compared against the water main geothermal system. The

monthly electricity consumption provides the energy requirements of the system. The
monthly electricity consumption is used to calculate the monthly utility bill. The monthly
electricity consumption is used to calculate carbon emissions. Each of the alternative

utilizes electricity for operation. The electricity used represents the residential use of

retail electricity for the heating and cooling needs of the residence. Natural gas and other
fuel based systems are left out of this research analysis.
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4.1.1 Traditional Geothermal HVAC System:

Electricity Usage (kWh)

Figure 10: Traditional Geothermal Heat Pump HVAC System - Monthly Electricity
Usage
Figure 10 highlights the monthly electricity usage for the traditional geothermal

heat pump HVAC system. The electricity usage required to operate the system is

comparable to the water main geothermal HVAC system. The water main geothermal
HVAC system uses 286 kWh of electricity less a year.

The manufacturer specifications for the traditional geothermal heat pump
coefficient of performance (COP) and energy efficiency rate (EER) are slightly lower

compared to the water main geothermal heat pump. The traditional geothermal heat pump
is a ground loop heat pump and the water main geothermal heat pump is a ground water

heat pump. There are separate sets of manufacturer specifications data for each. The
ground water heat pump does not use an antifreeze solution and the ground loop heat
pump does. The manufacturer specifications for each of the heat pump configurations use

a separate inlet fluid temperature to rate the equipment.
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Figure 11: Traditional Geothermal Heat Pump HVAC System - Monthly Capacities
Figure 11 highlights the monthly heating and cooling capacities of the traditional
geothermal heat pump. The capacities of the water main geothermal heat pump and the

traditional geothermal heat pump closely resemble each other. The cooling capacity of
the water main geothermal heat pump is better than the traditional geothermal heat pump.

This results in less power required for cooling for the water main geothermal HVAC
system.

The heating capacity of the traditional geothermal heat pump system is slightly

better than the water main geothermal heat pump system. This results in less power
required for heating for the traditional geothermal heat pump HVAC system. The water

main geothermal HVAC system and the traditional geothermal HVAC system closely
resemble each other in electrical energy consumption, heat capacity, and cooling

capacity. The efficiency of each of the heat pumps can be observed in the TRNSYS 18
results. When observing the heating capacities, it can be noted that one unit of power is
used to create three units of heat.
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4.1.2 Air-Source Heat Pump HVAC System:

Electricity Usage (kWh)

Figure 12: Air-Source Heat Pump HVAC System - Monthly Electricity Usage
Figure 12 highlights the air-source heat pump monthly electricity consumption.

The required electricity consumption for the air-source heat pump is much less than the

water main geothermal system. The air-source heat pump uses 1,412 kWh less of
electricity a year for heating and cooling. This is a significant difference in the two types

of heat pumps.

The electricity consumption data is reliant on the same weather data, thermostat
data, and similar manufacturing specification data. I chose the same manufacturer for
each heat pump. My residential home was used for each simulation resulting in the same
volume to be conditioned. The electricity consumption analysis data is in favor of the air

source heat pump.
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Figure 13: Air-Source Heat Pump HVAC System - Monthly Capacities

The heating and cooling capacities of the air-source heat pump are less than the
heating and cooling capacities of the water main geothermal heat pump. There is less
power required for heating and cooling required for the air-source heat pump as a result.

The residential zone temperature profile of the air-source heat pump resembles the water

main geothermal heat pump.
The residential zone temperature profile of the air-source heat pump confirms that
the system can meet the heating and cooling demands of Cleveland, OH. Monitoring the

zone temperature, ambient temperature, coefficient of performance (COP), and energy
efficiency rate (EER) of the air-source heat pump verifies the system is operating

properly in the simulation. The coefficient of performance (COP) and energy efficiency

rate (EER) of the air-source heat pump agree with the manufacturer specifications.
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4.1.3 Electric Furnace Central AC HVAC System:

Electricity Usage (kWh)

Figure 14: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Electricity Usage
Figure 14 highlights the monthly electricity consumption data for the electric
furnace central air-conditioning HVAC system. The total electricity consumption

required for the electric furnace central air-conditioning HVAC system is less than the

water main geothermal system. The electricity consumption data is reliant on the same
weather data and thermostat data as the water main geothermal HVAC system.
The electricity consumption data shows that the electric furnace central air

conditioning HVAC system is running less than the water main geothermal HVAC

system. This would contribute to a significantly less energy consumption. The residential
zone temperature profile of the electric furnace central air-conditioning HVAC system is
less desirable than the water main geothermal HVAC system. The temperature does not
hold as consistently to the setpoint.
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Figure 15: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Capacities
Figure 15 highlights the heating and cooling capacities of the electric furnace

central air-conditioning HVAC system. The heating and cooling capacity of the electric
furnace central air-conditioning HVAC system is not as desirable as the water main
geothermal heat pump system. This system does not appear to heat and cool the
residential space as effectively as the water main geothermal system.

Although the electric consumption is less than the water main geothermal HVAC

system that does not translate into better heating and capacity performance data. The
electric furnace central air-conditioning HVAC system manufacturer data provided has

much lower heating and cooling capacities which contribute to the system performance.
If the capacities were equivalent to the water main geothermal heat pump the required
electricity consumption would be greater for this system.
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4.2 Alternative System Economic Evaluation
4.2.1 Traditional Geothermal HVAC System:

Monthly Utility Cost ($)

Figure 16: Traditional Geothermal Heat Pump HVAC System - Monthly Utility Cost
Figure 16 highlights the monthly utility cost for the traditional geothermal heat
pump HVAC system. The annual electric cost for this system is $895.83. The annual

electric cost for the water main geothermal system is $858.62. The traditional geothermal
heat pump HVAC system annual electric utility bill is $37.21 more than the water main
geothermal system. The electric bill was calculated using the cost of $0.13 per kWh.

The water main geothermal system has an additional water and sewer bill for

operation. The total annual water and sewer cost is $432.48 for a total annual bill of
$1291.10. This total utility cost is $395.27 more than the traditional geothermal heat
pump HVAC system. The advantage of the water main geothermal system over the

traditional geothermal system is that it does not require the ground loop system.
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The cost on the low end for the loop system is an estimated $10,000. The upfront

loop system costs of the traditional geothermal system are more. The water main
geothermal system could be in operation for 25 years before the additional cost would

match this number.
4.2.2 Air-Source Heat Pump HVAC System:

Monthly Utility Cost ($)

Figure 17: Air-Source Heat Pump HVAC System - Monthly Utility Cost
Figure 17 highlights the monthly electric utility cost for the air-source heat pump
HVAC system. This system does not require water to operate resulting in no monthly

water and sewer bill. The total annual cost of operation is $675.03. This cost is $183.59
less than the cost of $858.62 for the water main geothermal HVAC system annual electric

bill. The water main geothermal HVAC system has a total annual utility cost of $1291.10
with the additional water and sewer cost. This cost is $616.07 more than the air-source

heat pump HVAC system. Each system’s performance data came from the same
manufacturer.
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4.2.3 Electric Furnace Central AC HVAC System:

Monthly Utility Cost ($)

Figure 18: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Utility Cost
Figure 18 highlights the monthly electric utility cost for the electric furnace

central air-conditioning HVAC system. The annual cost of operation for this system is
$704.63. This cost is $153.99 less than the water main geothermal HVAC system’s
annual electric bill. The additional cost of water and sewer for the water main geothermal

system makes the annual cost for operating this system $586.47 less than the water main
geothermal HVAC system.

The air-source heat pump HVAC system has the best overall system performance
and economic evaluation in Cleveland, OH. The capacity of the air-source heat pump
HVAC system is comparable to the water main geothermal HVAC system. The water

main geothermal HVAC system should have the best capacity performance over a larger
temperature range.
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4.3 Geographic System Performance Evaluation
4.3.1 Augusta, GA:
4.3.1.1 Water main geothermal HVAC system: The geographic system

performance evaluation will evaluate the performance of the water main geothermal
HVAC system versus the alternative HVAC systems in three different climate regions.

Augusta, Georgia is the first region. Fresno, California is the second region. Madison,
Wisconsin is the third region. The initial evaluation was for Cleveland, Ohio.

Water Usage (gal)

Figure 19: Water Main Geothermal HVAC System - Monthly Water Usage - Augusta
Figure 19 shows the water usage required for the water main geothermal HVAC

system in Augusta, GA is higher than Cleveland, OH. The heating months require higher
water consumption than Cleveland, OH. During the summer months the system

performance is better in Augusta, GA.
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Figure 20: Water Main Geothermal HVAC System - Monthly Electricity Usage -Augusta
Figure 20 shows the electricity consumption required for the water main
geothermal HVAC system in Augusta, GA is higher than Cleveland, OH. The heating

months require higher electricity consumption than Cleveland, OH. The lower soil
temperature in Cleveland, OH during the winter months contributes to the performance of

the system in heating mode.
During the summer months the system performance is better in Augusta, GA. The

higher soil temperature during the summer months contributes to the performance of the

system in cooling mode. The required electricity consumption of the system is less than
Cleveland, OH. The required water consumption and electricity consumption follow the
same pattern.
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Figure 21: Water Main Geothermal HVAC System - Monthly Capacities - Augusta
Figure 21 highlights the monthly heating and cooling capacity of the water main
geothermal HVAC system in Augusta. The performance follows the same relationship of

the water consumption and electric consumption. More work is required of the system
during the winter months when the system is in heating mode. The power required to heat

is greater than in Cleveland, OH.
In the summer months when the system is in cooling mode less energy is

required. The power required for cooling is less than Cleveland, OH. The warmer
temperatures experienced in Augusta, GA require more energy consumption during the

winter months and less energy consumption during the summer months. The colder

ground temperatures in Cleveland, OH during the winter months improve the heating

mode system performance.
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4.3.1.2 Traditional geothermal HVAC system:

Electricity Usage (KWh)

Figure 22: Traditional Geothermal Heat Pump HVAC System - Monthly Electricity
Usage - Augusta
Figure 22 highlights the monthly electricity usage for the traditional geothermal

heat pump HVAC system in Augusta, GA. The required total annual electricity

consumption for Augusta, GA is higher than Cleveland, OH for the traditional
geothermal heat pump HVAC system. The heating months require higher electricity

consumption than Cleveland, OH. The higher soil temperature in Augusta, GA during the
winter months contributes to the performance of the system in heating mode.
During the summer months the system performance is better in Augusta, GA. The

higher soil temperature during the summer months contributes to the performance of the

system in cooling mode. The required electricity consumption of the traditional
geothermal HVAC system is less than the water main geothermal HVAC system in

Augusta, GA.
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Figure 23: Traditional Geothermal Heat Pump HVAC System - Monthly Capacities Augusta
Figure 23 highlights the monthly heating and cooling capacity of the traditional
geothermal heat pump HVAC system in Augusta. The performance follows the same

relationship of the water consumption and electric consumption. More work is required
of the system during the winter months when the system is in heating mode. The power
required to heat is greater than in Cleveland, OH.
In the summer months when the system is in cooling mode less energy is

required. The power required for cooling is less than Cleveland, OH. The warmer
temperatures experienced in Augusta, GA require more energy consumption during the

winter months and less energy consumption during the summer months. The power
required for heating is more than Cleveland, OH. The heating and cooling capacities of
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the traditional geothermal HVAC system are comparable to the water main geothermal
HVAC system.

4.3.1.3 Air-source heat pump HVAC system:

Electricity Usage (KWh)

Figure 24: Air-Source Heat Pump HVAC System - Monthly Electricity Usage - Augusta
Figure 24 highlights the monthly electricity usage for the air-source heat pump
HVAC in Augusta, GA. The total annual electricity consumption for the air-source heat

pump HVAC in Augusta, GA is less than Cleveland, OH. The power required for heating

is greater in Augusta, GA than Cleveland, OH. The power required for cooling in
Augusta, GA is less than Cleveland, OH.

The total annual electricity consumption for the air-source heat pump HVAC

system in Augusta, GA is 3,687 kWh. This is 200 kWh less than the 3,887 kWh system
requirement of Cleveland, OH. The air-source heat pump HVAC system has better
electricity consumption performance in Augusta, GA. The air-source heat pump relies on

the weather data dry bulb temperature or air temperature. Since the annual temperature is
higher in Augusta, GA than Cleveland, OH the overall performance of the air-source heat
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pump is better in Augusta, GA. The air-source heat pump HVAC system requires less

energy consumption than the water main geothermal HVAC system in Augusta, GA.

Heating and Cooling Capacities (kJ)

Figure 25: Air-Source Heat Pump HVAC System - Monthly Capacities - Augusta
Figure 25 highlights the monthly heating and cooling capacity of the air-source
heat pump HVAC system in Augusta. The performance follows the same relationship of
the electricity consumption. More work is required of the system during the winter

months when the system is in heating mode. The power required to heat is greater than
the power required to cool in Cleveland, OH.
In the summer months when the system is in cooling mode less energy is

required. The power required for cooling is less than Cleveland, OH. The warmer
temperatures experienced in Augusta, GA require more energy consumption during the

winter months and less energy consumption during the summer months. The heating and
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cooling capacities of the air-source heat pump system are like the water main geothermal
HVAC system in Augusta, GA.

4.3.1.4 Electric furnace central AC HVAC system:

Electricity Usage (KWh)

Figure 26: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Electricity Usage - Augusta
Figure 26 highlights the electricity consumption required for an electric furnace

central air-conditioning HVAC system in Augusta, GA. The annual electricity
consumption for Augusta, GA is 5754 kWh. This is 334 kWh more than Cleveland, OH.
The winter months in Augusta, GA require more power to heat and less power to cool in
the summer months. The electric furnace central air-conditioning HVAC system in

Augusta, GA uses less annual energy consumption than the water main geothermal
HVAC system. After finishing the simulation for the electric furnace central air

conditioning system for Augusta, GA and evaluating the performance against the
performance of the same system in Cleveland, OH I thought maybe there was something
wrong with the model. It turns out after using the TRNSYS Type65d online graphical
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plotter to observe the ambient and zone temperatures of the system in each climate region
the model and simulation are operating the way they should.

Figure 27: The Electric Furnace Central Air-Conditioning HVAC System - Ambient and
Zone Temperature Profile - Augusta

Figure 28: The Electric Furnace Central Air-Conditioning HVAC System - Ambient and
Zone Temperature Profile - Cleveland
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Figure 27 and Figure 28 highlight the ambient and zone temperature profiles for
Augusta, GA and Cleveland, OH. The TRNSYS Type65d online graphical plotter was
used to verify the system results were correct. The year the TMY3 weather data was

collected Augusta, GA experienced lower temperatures than Cleveland, OH during the
winter heating months. Cleveland, OH experienced higher temperatures during summer
cooling months. The ambient temperature which is the dry bulb temperature for Augusta,

GA ends up being the reason for the system performance of the water main geothermal
HVAC system and the traditional geothermal HVAC system.

Figure 29: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Capacities - Augusta
Figure 29 highlights the monthly heating and cooling capacities of the electric

furnace central air-conditioning HVAC system in Augusta, GA. The power required for
heating is greater than Cleveland, OH during the winter heating months. The monthly
heating and cooling capacities are better for the water main geothermal system in
Augusta, GA.
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4.3.2 Fresno, CA:
4.3.2.1 Water main geothermal HVAC system:

Water Usage (gal)

Figure 30: Water Main Geothermal HVAC System - Monthly Water Usage - Fresno
Figure 30 represents the monthly water consumption for the water main
geothermal system in Fresno, CA. The total annual water consumption for the water main
geothermal system in Fresno, CA is less than Cleveland, OH. The total annual water

consumption for Fresno, CA is 4,678 gallons. This is 3,082 gallons less per year than
Cleveland, OH.

The performance highlights the lower consumption during the winter heating

months and higher consumption during the summer cooling months. Fresno, CA does not

experience the lower temperatures that Cleveland, OH does during the winter months.
The water usage of the water main geothermal system represents the energy consumption
of the system. The summer cooling months experience higher temperatures in Fresno,
CA.
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Electricity Usage (kWh)

Figure 31: Water Main Geothermal HVAC System - Monthly Electricity Usage - Fresno
Figure 31 highlights the monthly electricity consumption for the water main
geothermal system in Fresno, CA. The total annual electricity consumption required for

the water main geothermal system in Fresno, CA is lower than Cleveland, OH. The

annual electricity consumption required for Fresno, CA is 3,290 kWh. This is 3,314 kWh
less than Cleveland, OH per year.

The annual electricity consumption required for the water main geothermal
system in Fresno, CA follows the total annual water consumption for the water main

geothermal system in Fresno, CA. The performance highlights the lower consumption
during the winter heating months and higher consumption during the summer cooling

months.
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Figure 32: Water Main Geothermal HVAC System - Monthly Capacities - Fresno
Figure 32 highlights the monthly heating and cooling capacities of the water main
geothermal system in Fresno, CA. The performance highlights the lower power

consumption during the winter heating months and higher power consumption during the
summer cooling months. The monthly heating and cooling capacities reflect the monthly
water usage and electricity consumption.

The performance of the water main geothermal system in Fresno, CA reflects the
regional weather data. The winter season in Fresno, CA is different from Cleveland, OH.

Since the temperatures during this time are warmer over the course of the entire season
there is drastically less energy consumption during this time. The opposite is true during

the summer season. Fresno experiences much higher temperatures this time compared to

Cleveland, OH. This increases the energy demand of the system.
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4.3.2.2 Traditional geothermal HVAC system:

Electricity Usage (KWh)

Figure 33: Traditional Geothermal Heat Pump HVAC System - Monthly Electricity
Usage - Fresno
Figure 33 highlights the monthly electricity usage for the traditional geothermal

heat pump HVAC system in Fresno, CA. The required total annual electricity

consumption for the traditional geothermal heat pump HVAC system in Fresno, CA is
lower than Cleveland, OH. The winter heating months require less electricity

consumption. The summer cooling months require more electricity consumption.
The total annual electricity consumption in Fresno, CA for the traditional
geothermal heat pump HVAC system is 3,825 kWh. This is 3,066 kWh less than

Cleveland, OH annually. The energy consumption for the traditional geothermal heat
pump HVAC system is lower in Fresno, CA. This is a result of the warmer climate region
Fresno, CA is located in. The total annual electricity consumption for the traditional
geothermal heat pump HVAC system is more than the water main geothermal HVAC

system in Fresno, CA.
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Figure 34: Traditional Geothermal Heat Pump HVAC System - Monthly Capacities Fresno
Figure 34 highlights the monthly heating and cooling capacity of the traditional
geothermal heat pump HVAC system is lower in Fresno, CA. There is less power

consumption required for heating in the winter months compared to Cleveland, OH.
During the summer cooling months, the energy consumption demand of the system is

higher than Cleveland, OH.

The performance data is in favor of the warmer climate region for the traditional
geothermal heat pump HVAC system. Reduced energy consumption required for

operation results in a reduction of carbon emissions from electricity use. The heating and
cooling capacity data chart in Figure 34 agrees with the electricity consumption chart in

Figure 33 and confirms the system is operating correctly. The heating and cooling

capacities for the traditional geothermal heat pump system are like the water main
geothermal system.
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4.3.2.3 Air-source heat pump HVAC system:

Electricity Usage (KWh)

Figure 35: Air-Source Heat Pump HVAC System - Monthly Electricity Usage - Fresno
Figure 35 highlights the monthly electricity consumption for the air-source heat
pump HVAC system in Fresno, CA. The total annual electricity consumption required for
the operation of this system is greater than Cleveland, OH. The summer cooling months
are very demanding of the system. The total annual electricity consumption for the air

source heat pump HVAC system is greater than the water main geothermal HVAC

system in Fresno, CA.
The total annual electricity consumption for the air-source heat pump HVAC

system in Fresno, CA is 4,451 kWh. This is 741 kWh less than Cleveland, OH. Fresno,
CA does not have demanding winter months requiring a large amount of heating.
Therefore, there is a small difference in electricity demand. Cleveland requires more
power for heating. The required energy consumption for the air-source heat pump HVAC

system in Fresno, CA is more than the energy consumption required for the water main
geothermal HVAC system.
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Heating and Cooling Capacities (kJ)

Figure 36: Air-Source Heat Pump HVAC System - Monthly Capacities - Fresno
Figure 36 represents the monthly heating and cooling capacities of the air-source

heat pump HVAC system in Fresno, CA. Figure 36 resembles Figure 35 and confirms the

system is operating correctly. The power required for heating during the winter months is
less than Cleveland, OH. The power required for cooling is more than Cleveland, OH.

The heating and cooling capacities of the air-source heat pump HVAC system are like the

water main geothermal HVAC system in Fresno, CA.
The air-source heat pump HVAC system operation is different than the water

main and traditional geothermal heat pump systems. The air-source heat pump uses the

outside air as the energy source. During the winter months the air-source heat pump is in
heating mode. During the summer months the air-source heat pump is in cooling mode.
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The water main and traditional geothermal systems use the working fluid to add

heat during the winter months and remove heat during the summer months. This
performance is reflected in the monthly heating and cooling capacity charts. The
performance of the air-source heat pump in Fresno, CA is not as desirable as the water

main geothermal or traditional geothermal heat pump systems.
4.3.2.4 Electric furnace central AC HVAC system:

Electricity Usage (KWh)

Figure 37: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Electricity Usage - Fresno
Figure 37 highlights the monthly electricity consumption of the electric furnace

central air-conditioning HVAC system in Fresno, CA. The annual electricity

consumption required of the electric furnace central air-conditioning HVAC system in
Fresno, CA is less than Cleveland, OH. The annual electricity consumption required of
the electric furnace central air-conditioning HVAC system is less than the water main
geothermal HVAC system in Fresno, CA. The capacity of the electric furnace central air

conditioning HVAC system is less than the water main geothermal HVAC system.
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Figure 38: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Capacities - Fresno
Figure 38 highlights the monthly heating and cooling capacities of the electric

furnace central air-conditioning HVAC system in Fresno, CA. Figure 38 reflects the

monthly electricity consumption highlighted in Figure 37. This confirms the heating and
cooling capacity simulation results agree with the electricity consumption simulation

results. The system is operating as it should for the Fresno, CA climate region.
The heating and cooling capacities of the electric furnace central air-conditioning
HVAC system are less than the water main geothermal HVAC system. System heating

requirements are minimal due to the warmer climate region of Fresno, CA. This can be

observed in each of the systems in Fresno, CA. Figure 38 can be compared against Figure
32 to verify the heating and cooling capacities of the electric furnace central air

conditioning HVAC system are less than the water main geothermal HVAC system.
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4.3.3 Madison, WI:
4.3.3.1 Water main geothermal HVAC system:

Water Usage (gal)

Figure 39: Water Main Geothermal HVAC System - Monthly Water Usage - Madison
Figure 39 highlights the monthly water consumption required for the water main
HVAC system in Madison, WI. The total annual water consumption required for this

system is 9,246 gallons. This is 1,486 gallons more than Cleveland, OH. Madison, WI
experiences colder winter temperatures. This increases the system heating demand. The
increased water consumption is a result of the heating demand.
Madison, WI and Cleveland, OH have similar water consumption results. The

winter months of each climate region see the largest consumption of water required for
heating. The summer months of each region use significantly less water for cooling. The

temperatures of each of these climate regions do not experience the higher temperatures

Fresno, CA does during the summer months.
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Electricity Usage (KWh)

Figure 40: Water Main Geothermal HVAC System - Monthly Electricity Usage Madison
Figure 40 highlights the monthly electricity consumption required for the water

main HVAC system in Madison, WI. The monthly electricity consumption of Figure 40
resembles the monthly water usage of Figure 39. The largest energy consumption occurs
during the winter heating months. The total annual electricity consumption for the water

main HVAC system in Madison, WI is 7,970 kWh. This is 1,365 kWh more than the
required annual consumption for the water main HVAC system in Cleveland, OH.

The total annual electricity consumption for the water main HVAC system in
Madison, WI is more than Augusta, GA as well. The monthly electricity consumption for

the summer cooling months is greater in Madison, WI than Augusta, GA. The winter

heating months require more electricity consumption in Augusta, GA. The energy

consumption required for the water main geothermal HVAC varies across the climate
regions.
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Figure 41: Water Main Geothermal HVAC System - Monthly Capacities - Madison
Figure 41 highlights the monthly heating and cooling capacity of the water main
HVAC system in Madison, WI. The monthly heating and cooling capacities reflect the

energy consumption of the system. The Madison, WI monthly heating and cooling

capacities are greater than Cleveland, OH and less than Augusta, GA during the winter
heating months.
During the summer cooling months, we can observe the required energy

consumption decrease. Less energy consumption is required for cooling in Madison, WI.
Fresno, CA sees the opposite and more energy is required during the summer cooling

months. The spring season is where the decrease in energy consumption begins for
Cleveland, OH, Augusta, GA, and Madison, WI. The spring season is where the increase

in energy consumption begins for Fresno, CA.
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4.3.3.2 Traditional geothermal HVAC system:

Electricity Usage (KWh)

Figure 42: Traditional Geothermal Heat Pump HVAC System - Monthly Electricity
Usage - Madison
Figure 42 highlights the monthly electricity consumption for the traditional
geothermal heat pump HVAC system in Madison, WI. The required annual electricity

consumption for the traditional geothermal heat pump HVAC system in Madison, WI is
less than the water main geothermal system. The total annual electricity consumption is

7,573 kWh for the traditional geothermal heat pump HVAC system and 7,970 kWh for

the water main geothermal system.
In Cleveland, OH the water main geothermal HVAC system uses less electricity

consumption than the traditional geothermal heat pump HVAC system. In Augusta, GA
the traditional geothermal heat pump HVAC system uses less electricity consumption

than the water main geothermal HVAC system. In Fresno, CA the water main geothermal
HVAC system uses less electricity consumption than the traditional geothermal heat

pump HVAC system.
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Figure 43: Traditional Geothermal Heat Pump HVAC System - Monthly Capacities Madison
Figure 43 highlights the monthly heating and cooling capacities of the traditional
geothermal heat pump HVAC system in Madison, WI. The monthly capacities are

representative of the electricity consumption. The monthly heating and cooling capacities
of the traditional geothermal heat pump HVAC system are very close to the monthly
heating and cooling capacities of the water main geothermal HVAC system in Madison,

WI.
Madison, WI experiences higher electricity consumption during the winter

heating months. This is the same use as Cleveland, OH and Augusta, GA. Fresno, CA is
the opposite and the summer season requires more energy consumption. The ambient air
temperature and the ground temperature of each of these climate regions varies. These

variations are observed in the performance of these HVAC systems.
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4.3.3.3 Air-source heat pump HVAC system:

Electricity Usage (KWh)

Figure 44: Air-Source Heat Pump HVAC System - Monthly Electricity Usage - Madison
Figure 44 highlights the air-source heat pump HVAC system monthly electricity

consumption in Madison, WI. The total annual electricity consumption for the air-source
heat pump HVAC system 6,650 kWh. This is 1,319 kWh less than the water main
geothermal HVAC system in Madison, WI. The total annual electricity consumption for

the air-source heat pump HVAC system in Madison, WI is more than the total annual
electricity consumption for the air-source heat pump HVAC system in Cleveland, OH by

1,458 kWh.

The total annual electricity consumption for the air-source heat pump HVAC

system in Madison, WI is more than the total annual electricity consumption for the air
source heat pump HVAC system in Augusta, GA by 816 kWh. Fresno, CA uses 2200
kWh less annually to operate the air-source heat pump HVAC system than Madison, WI.
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Heating and Cooling Capacities (kJ)

Figure 45: Air-Source Heat Pump HVAC System - Monthly Capacities - Madison
Figure 45 highlights the monthly heating and cooling capacities of the air-source
heat pump HVAC system in Madison, WI. The monthly heating and cooling capacities of
the air-source heat pump HVAC system are representative of the electricity consumption.

The monthly heating and cooling capacities of the air-source heat pump HVAC system
are very similar to the monthly heating and cooling capacities of the water main
geothermal HVAC system in Madison, WI.

The lowest annual energy consumption for the air-source heat pump HVAC

system was in Augusta, GA where the total was 3,687 kWh. Cleveland, OH had a total
annual energy consumption of 3,887 kWh the air-source heat pump HVAC system. The
annual energy consumption of the air-source heat pump HVAC system was 4,161 kWh

for Fresno, CA. This left Madison, WI with the highest annual energy consumption for
the air-source heat pump HVAC system with a total of 4,342 kWh.
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4.3.3.4 Electric furnace central AC HVAC system:

Electricity Usage (KWh)

Figure 46: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Electricity Usage - Madison
Figure 46 highlights the monthly electricity consumption of the electric furnace

central air-conditioning HVAC system in Madison, WI. The total annual electricity
consumption for this system in Madison, WI is 6,477 kWh. This is 535 kWh less than the
consumption of the electric furnace central air-conditioning HVAC system in Fresno, CA
where the total annual consumption was 7,012 kWh.

The total annual electricity consumption for the electric furnace central air

conditioning HVAC system in Madison, WI was more than the total annual electricity

consumption in Augusta, GA by 723 kWh. The total annual electricity consumption for
the electric furnace central air-conditioning HVAC system in Madison, WI was more

than the total annual electricity consumption in Cleveland, OH by 1,057 kWh.
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Heating and Cooling Capacities (kJ)

Figure 47: The Electric Furnace Central Air-Conditioning HVAC System - Monthly
Capacities - Madison
Figure 47 highlights the monthly heating and cooling capacities of the electric

furnace central air-conditioning HVAC system in Madison, WI. The monthly heating and
cooling capacities of the electric furnace central air-conditioning HVAC system in
Madison, WI agree with the monthly electricity consumption. The heating and cooling

capacities of the electric furnace central air-conditioning HVAC system are much lower
than the water main geothermal HVAC system in Madison, WI.

For the month of January in Madison, WI the electric furnace central air
conditioning HVAC system produced 3.98 x 106 kJ of heat using 4.97 x 106 kJ of power.
This is not efficient. More power was used to produce less heat. For the same month of

January in Madison, WI the water main geothermal HVAC system produced 1.72 x 107
kJ of heat using 5.85 x 106 kJ of power. For every unit of power 3 units of heat were

generated. This demonstrates the efficiency of a water main geothermal heat pump.
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4.4 Geographic System Economic Evaluation

For a complete system analysis there needs to be an economic evaluation. The
following economic evaluation will include each of the HVAC systems in each of the
climate regions previously studied. Cleveland, OH will be the first climate region,

Augusta, GA will be the second, Fresno, CA will be the third, and Madison, WI will be
the fourth.

The water main geothermal HVAC system, traditional geothermal heat pump
HVAC system, air-source heat pump HVAC system, and electric furnace central air

conditioning HVAC system will be evaluated in each of the climate regions. Each of the
systems had a monthly electricity consumption requirement that will be used for the

economic evaluation. The water main geothermal HVAC system had an additional water
and sewer requirement that will be used in this economic evaluation.

The performance of each of these systems varies across the climate regions. The
climate region data is provided by the TRNSYS Type15-TMY3 weather data processor

component. The TRNSYS Type15-TMY3 weather data processor component reads the
typical meteorological year version 3 (TMY3) format weather data files from each

climate region.

The successful simulation of each of these systems relies on this weather data.

There is a separate typical meteorological year version 3 (TMY3) format weather data
file for each climate region. Each typical meteorological year version 3 (TMY3) format

weather data file contains weather data for an entire calendar year from January through
December. Over a twenty-four-hour period, the typical meteorological year version 3

(TMY3) format weather data file provides temperature data every three hours.
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4.4.1 Cleveland, OH:

Monthly Electric Utility Cost ($)

Figure 48: Monthly Electric Utility Cost - Cleveland, OH
Figure 48 highlights the monthly electricity utility cost for each system in
Cleveland, OH. Overall the air-source heat pump HVAC system performs the best. This

system provided the lowest annual electricity consumption and as a result the lowest
annual cost of $675.03.
The electric furnace central air-conditioning HVAC system is next with an annual

electric bill of $704.63. The water main geothermal HVAC system is next with an annual
electric cost of $858.62. The traditional geothermal HVAC system had the highest annual
electricity consumption in Cleveland, OH resulting in the largest annual electric bill of

$895.83.
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The water main geothermal system has an additional water and sewer cost. The
structure of these costs was provided in section 3.8. Figure 5 highlighted the total

monthly costs for the water main geothermal HVAC system. With the additional water
and sewer requirements of the system the water main geothermal HVAC system had the
highest annual utility bill. The annual water bill was $143.49. The annual sewer bill was

$289.00. The combined annual water and sewer bill was $432.48.
The total annual utility bill for the water main geothermal HVAC system in
Cleveland, OH was $1,291.10. Currently for a combination natural gas furnace and

central air-conditioning HVAC system my annual gas bill is an estimated $1,080. My
annual electric bill for this system is an estimated $720. Resulting in a total annual cost of
$1,800.

Although an analysis for this system was not included in this research work an
annual cost estimate can be calculated using actual utility bills. For my residence, the

total annual utility cost for a combination natural gas furnace and central air-conditioning
HVAC system is an estimated $508.90 more than the water main geothermal HVAC

system. Future research work can include the analysis of a traditional natural gas furnace
and central air-conditioning HVAC system.

The common monthly annual bill for the HVAC systems evaluated in this
research work is the electricity bill. California is beginning to move away from the use of

natural gas in new homes. As we shift towards reducing carbon emissions the use of
natural gas for heating and cooling could be rethought. It was decided to evaluate the
water main geothermal HVAC system against alternatives that only rely on electricity
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consumption. The electricity consumption allows for performance analysis of each
system.

4.4.2 Augusta, GA:

Monthly Electric Utility Cost ($)

Figure 49: Monthly Electric Utility Cost - Augusta, GA
Augusta, GA has a different set of utility rates for water, sewer, and electric. The

water bill consists of a monthly base charge of $18.85. The water rate charge is $1.80 per
1,000 gallons (Kgal) for the first 5,000 gallons and $4.37 per 1,000 gallons (Kgal) for
usage over 5,000 gallons. The sewer bill has a monthly base charge of $18.85. The sewer

rate is $4.37 per 1,000 gallons (Kgal). The cost of electricity in Augusta, GA is $0.14 per
kWh.
Figure 49 highlights the monthly electric utility costs for each of the HVAC

systems in Augusta, GA. In Augusta, GA the water main geothermal HVAC system has
the highest annual electricity cost. This system sees an annual bill of $1,052.08. The

traditional geothermal heat pump HVAC system has the next highest annual electricity
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cost of $982.73. The air-source heat pump HVAC system has the second lowest annual
electricity cost of $816.85 in Augusta, GA. The electric furnace central air-conditioning
HVAC system has the lowest annual cost of $805.56. The water main geothermal system

has an additional water and sewer cost. The water main geothermal HVAC system had
the highest annual utility bill. The annual water bill was $241.60. The annual sewer bill

was $263.58. The combined annual water and sewer bill was $505.18. The total annual
utility bill for the water main geothermal HVAC system in Augusta, GA was $1,557.26.
4.4.3 Fresno, CA:

Figure 50: Monthly Electric Utility Cost - Fresno, CA
Figure 50 highlights the monthly electric utility costs of each of the systems in
Fresno, CA. The cost of electricity in Fresno, CA is $0.23 per kWh. The air-source heat

pump HVAC system had the highest annual electricity cost with an annual bill of

$1023.66. The next highest annual electricity bill was for the traditional geothermal
HVAC system with an annual bill of $879.74. The water main geothermal HVAC system

had the next highest annual electricity cost with an annual electric bill of $756.81.
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The electric furnace central air-conditioning HVAC system had the lowest annual
electricity cost with an annual bill of $721.16. The water main geothermal HVAC system

has an additional water and sewer bill. The total annual water cost for the system was

$225.68. The total annual sewer cost for the system was $ 214.80. The combined annual
water and sewer cost was $440.48.

The water and sewer cost structure in Fresno, CA is different from Cleveland, OH
and Augusta, GA. The water bill has a monthly service charge of $17.90 and an

additional cost of $1.74 per 100 cubic feet (HCF) of water use. 1 HCF is equivalent to

748 gallons of water. The sewer bill has one monthly charge of $25.81. The total annual
cost for the water main geothermal HVAC system in Fresno, CA was $1292.21. In
Fresno, CA the electric furnace central air-conditioning HVAC system has the highest
annual utility cost.
4.4.4 Madison, WI:

Monthly Electric Utility Cost ($)

Figure 51: Monthly Electric Utility Cost - Madison, WI
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Figure 51 highlights the monthly electricity costs for each system in Madison, WI.

The water main geothermal system has the highest annual electricity cost with a total bill
of $1195.48. The next highest annual electricity cost is the traditional geothermal heat
pump HVAC system with an annual electricity cost of $1135.95. The next highest annual
electricity cost was associated with the air-source heat pump HVAC system where the

total annual cost was $997.56. The electric furnace central air-conditioning HVAC

system has the lowest annual electricity bill with a total cost of $842.00.
The water main geothermal HVAC system has an additional water and sewer bill.
The total annual water cost for the system was $200.09. The total annual sewer cost for
the system was $222.89. The combined annual water and sewer cost was $ 422.98. The
water and sewer cost structure in Madison, WI is different from Cleveland, OH, Augusta,

GA, and Fresno, CA.
The water rate charge is $3.73 per 1,000 gallons (Kgal) for the first 3,000 gallons
and $4.93 per 1,000 gallons (Kgal) for usage over 3,000 gallons. The water bill has a

monthly base charge of $13.80. The sewer bill has a monthly base charge of $15.01. The
sewer rate is $4.626 per 1,000 gallons (Kgal). The cost of electricity in Madison, WI is

$0.15 per kWh. The total annual cost for the water main geothermal HVAC system in
Madison, WI is $ 1618.46.

The climate region and utility cost structure of each geographic location discussed
determine the overall operational costs associated with each system evaluated. The water

main geothermal HVAC has proved to be an economically viable solution for heating and
cooling residential spaces. In Fresno, CA it did not have the highest annual cost. The

warmer climate region of Fresno, CA contributes to the overall performance.
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4.5 Geographic Environmental Impact System Evaluation
As mentioned earlier in this research work the U.S. Energy Information

Administration (EIA) has estimated that 429 MMmt (million metric tons) of CO2

emissions will be the result of residential space heating and cooling in the 2022 year [22].
The electricity consumption of each system in each region will be evaluated from an
environmental impact perspective. Per the U.S. Energy Information Administration (EIA)

based upon 2020 U.S. electricity generation data that came from the electric power
industry an estimated 0.85 lbs. of carbon dioxide emissions (CO2) are produced per kWh

of electricity [20].
This research will use this estimate as a guide for determining the carbon dioxide

emissions (CO2) produced per kWh of electricity consumption of each system in each
climate region. This is a generalized approach to determine the carbon dioxide emissions

(CO2) from each system. The reality is the carbon dioxide emissions (CO2) for each
system varies regionally. For the case of the water main geothermal HVAC system the
carbon dioxide emissions (CO2) from water consumption and processing are not

considered.
The amount of carbon dioxide emissions (CO2) from each system will be the
result of the electricity consumption required to operate. Each of the HVAC systems

presented in this research work use electricity for operation. The amount of electricity

consumption for each system varies regionally. Reviewing each region will highlight how
the performance of each HVAC system varies and how the performance contributes to
the amount of carbon dioxide emissions (CO2). The retail electricity consumed by each

system results in carbon dioxide emissions (CO2) stemming from electricity production.
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4.5.1 Cleveland, OH:

Figure 52: Monthly Carbon Dioxide (CO2) Emissions (lbs.) - Cleveland, OH
Figure 52 highlights the carbon dioxide (CO2) emissions in (lbs.) of each system
based upon the required electricity consumption for operation. The traditional geothermal

heat pump HVAC system has the highest annual emissions with a total 5857.35 lbs. of
carbon dioxide (CO2) emissions. The water main geothermal HVAC system has the

second highest annual emissions with a total 5614.06 lbs. of carbon dioxide (CO2)
emissions.

The electric furnace central air-conditioning HVAC system has a total 4607.21

lbs. of carbon dioxide (CO2) emissions. The air-source heat pump HVAC system has the
lowest carbon dioxide (CO2) emissions with a total of 4413.63 lbs. For this

environmental impact analysis carbon dioxide (CO2) emissions from electricity
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consumption is accounted for. As discussed earlier in this research fossil fuels are still the
primary resource for generating electricity in the U.S.

4.5.2 Augusta, GA:

Figure 53: Monthly Carbon Dioxide (CO2) Emissions (lbs.) - Augusta, GA
Figure 53 highlights the monthly carbon dioxide (CO2) emissions in lbs. of each

system based upon the required electricity consumption for operation. The water main
geothermal HVAC system has the highest annual emissions with a total 6387.63 lbs. of

carbon dioxide (CO2) emissions. The traditional geothermal heat pump HVAC system

has the second highest annual emissions with a total 5966.58 lbs. of carbon dioxide (CO2)
emissions.

The air-source heat pump HVAC system has the second lowest carbon dioxide

(CO2) emissions with a total of 4959.43 lbs. The electric furnace central air-conditioning
HVAC system has the lowest with a total 4607.21 lbs. of carbon dioxide (CO2)
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emissions. Each of these HVAC systems rely on electricity consumption for operation.
As a result, there will be carbon dioxide (CO2) emissions.

4.5.3 Fresno, CA:

Figure 54: Monthly Carbon Dioxide (CO2) Emissions (lbs.) - Fresno, CA
Figure 54 highlights the monthly carbon dioxide (CO2) emissions in lbs. of each

system based upon the required electricity consumption for operation. The air-source heat
pump HVAC system has the highest annual emissions with a total 3783.11 lbs. of carbon
dioxide (CO2) emissions. The traditional geothermal heat pump HVAC system has the

next highest with a total 3251.22 lbs. of carbon dioxide (CO2) emissions.

The water main geothermal HVAC system has the next highest carbon dioxide

(CO2) emissions with a total of 2796.92 lbs. The electric furnace central air-conditioning
HVAC system has the lowest annual emissions with a total 2665.17 lbs. of carbon
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dioxide (CO2) emissions. The water main geothermal HVAC system has the best
environmental performance in the warmer climate region of Fresno, CA.
4.5.4 Madison, WI:

Figure 55: Monthly Carbon Dioxide (CO2) Emissions (lbs.) - Madison, WI
Figure 55 highlights the monthly carbon dioxide (CO2) emissions in lbs. of each

system based upon the required electricity consumption for operation. The water main
geothermal HVAC system has the highest annual emissions with a total 6774.40 lbs. of

carbon dioxide (CO2) emissions. The traditional geothermal heat pump HVAC system

has the second highest annual emissions with a total 6437.07 lbs. of carbon dioxide (CO2)
emissions.

The air-source heat pump HVAC system has the next highest carbon dioxide

(CO2) emissions with a total of 5652.85 lbs. The electric furnace central air-conditioning
HVAC system has the lowest with a total 5505.39 lbs. of carbon dioxide (CO2)
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emissions. For this research, the electric furnace central air-conditioning HVAC system
has the lowest carbon dioxide (CO2) emissions. This system has the best environmental
performance.
4.6 System Feasibility Study

A feasibility study was recommended in “Water Main Geothermal: Could
Existing Water Pipes Replace Dirty Energy Utilities?” [8]. The feasibility study is

considered in this research work. There is a list of twelve questions that were
recommended in in “Water Main Geothermal: Could Existing Water Pipes Replace Dirty
Energy Utilities?” [8]. Those questions will be answered based on the current conditions

in Cleveland, Ohio.
The first question to be answered is what state or local rules may impede

implementation, including health department regulations or plumbing codes [8]? The
answer to this question is important as it effects the overall design of the system. There is
potential for several design solutions for the water main geothermal HVAC system. For
each of these designs to be implemented on a larger scale they must be permitted by the
local authority having jurisdiction.

Figure 1 presents four design solution options. Option 1, individually owned heat

exchangers. Option 2, utility owned home heat exchangers. Option 3, utility owned
community heat exchangers. The last is Option 4, utility owned community heat

exchanger with a community loop. Option 1 was modeled in this research work. By

modeling this design solution, the simulation can provide results necessary for future
design decisions.
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Each of the four design options presented in “Water Main Geothermal: Could
Existing Water Pipes Replace Dirty Energy Utilities?” use one common design feature

[8]. They are each designed to return the water to the local city water main after it has
passed through the heat exchanger. This common design feature is being presented as the

preferred design solution for the water main geothermal HVAC system.
The are several resources including research work and government documents
that provide sufficient information to support this design. “Evaluation of the Impacts of
Heat Exchanger Operation on Quality of Water Used as Heat Source and Sink” authored

by Ellen D. Smith and Xiaobing Liu showed there were no changes in the quality of the
water that would prevent it from water supply after heat exchange [19]. The quality of
water after heat exchange conformed to the governing regulatory standards [19]. This is a

significant finding for the future design application of a water main geothermal HVAC
system on a larger scale in residential spaces.
Each of the four options presented in “Water Main Geothermal: Could Existing

Water Pipes Replace Dirty Energy Utilities?” use an additional heat exchanger for the
design [8]. When designing a water main geothermal HVAC system this may not be

necessary unless it is being used as an engineering control. Typically, a water-source heat
pump unit has its own internal heat exchanger. This heat exchanger is usually sufficient
for the overall design and system performance.

When implemented in each of the four design options presented in “Water Main

Geothermal: Could Existing Water Pipes Replace Dirty Energy Utilities?” the additional

heat exchanger can be used to isolate the initial heat exchange from the residential system

[8]. In some of these design options an additional heat exchanger may be required for the
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performance of the water main geothermal HVAC system. “Evaluation of the Impacts of
Heat Exchanger Operation on Quality of Water Used as Heat Source and Sink” authored

by Ellen D. Smith and Xiaobing Liu and “Drinking Water: The Time is Now” authored
by Jay Egg referred to the Energy Policy Act of 1992.
“SEC. 3013. GEOTHERMAL HEAT PUMPS” of the Energy Policy Act of 1992
encourages the overall design of a water main geothermal HVAC system [9]. The Act

states “The Secretary shall - (1) encourage States, municipalities, counties, and
townships to consider allowing the installation of geothermal heat pumps, and, where

applicable, and consistent with public health and safety, to permit public and private

water recipients to utilize the flow of water from, and back into, public and private water
mains for the purpose of providing sufficient water supply for the operation of residential

and commercial geothermal heat pumps; and (2) not discourage any local authority which

allows the use of geothermal heat pumps from -(A) inspecting, at any reasonable time,
geothermal heat pump connections to the water system to ensure the exclusive use of the

public or private water supply to the geothermal heat pump system; and (B) requiring that
geothermal heat pump systems be designed and installed in a manner that eliminates any

risk of contamination to the public water supply” [9].

The Act does support the design of each of the design options presented in “Water
Main Geothermal: Could Existing Water Pipes Replace Dirty Energy Utilities?” [8].

When designing a water main geothermal HVAC system, it would be the engineer and

local authority having jurisdiction’s responsibility to follow part (B) of (2) of “SEC.

3013. GEOTHERMAL HEAT PUMPS” of the Energy Policy Act of 1992 [9]. The risk
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of contamination would be higher for a design where water enters back into the city water

main as opposed to a design where the water is returned to the local sanitary sewer.
To answer this question this Act was presented to the City of Cleveland Water

Department and the City of Cleveland Water Department was asked if currently you
could design a water main geothermal HVAC system where water is returned into the
water main. The answer was no [3]. You cannot design any system to return water to the
water main [3].

Water is only supplied from the water main and does not return [3]. Backflow

prevention devices are present throughout the city water main system to prevent water
from returning [3]. This is the overall design of the city water system. Any change to this
design could present a potential risk to the performance of the system and overall quality

of water being delivered.

The City of Cleveland Water Department adheres to the 2018 Edition of
“Recommended Standards for Waterworks” [3]. These Standards are provided by the
Water Supply Committee of the Great Lakes—Upper Mississippi River Board of State
and Provincial Public Health and Environmental Managers. The member states and

province that adhere to these set of standards are Illinois, Indiana, Iowa, Michigan,
Minnesota, Missouri, New York, Ohio, Ontario, Pennsylvania, and Wisconsin.

“Section 8.10.2 Cooling Water” of “Part 8 Distribution System Piping and
Appurtenances” of this set of Standards states that “Neither steam condensate, cooling
water from engine jackets, nor water used in conjunction with heat exchange devices
shall be returned to the potable water supply” [16]. “Evaluation of the Impacts of Heat

Exchanger Operation on Quality of Water Used as Heat Source and Sink” authored by
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Ellen D. Smith and Xiaobing Liu shows there is potential for contamination. If there is a
potential, there is a risk associated with the design. The Centers for Disease Control and
Prevention does address legionella spread prevention on their website [15].

Owners of buildings which include homeowners as it pertains to the local city
water main can benefit from the information. Per the CDC legionella has the best

potential to grow in the 77°F-113°F temperature range [15]. Additional engineering
controls could be adopted in the overall design to allow for the return of water back to the

supply safely with additional research work. The current acceptable design of a water
main geothermal HVAC system in the greater Cleveland area would be to return the
water to the sanitary sewer after heat exchange [3]. The second feasibility study question

to be answered from “Water Main Geothermal: Could Existing Water Pipes Replace

Dirty Energy Utilities?” is “What is the temperature of the water, size of the water main,
and rate of water flow needed for proper heat exchange?” [8]. The City of Cleveland

Water Department was able to provide me the water main information for my address

which I used for the design model and simulation.

The city water main size is 8” in diameter [2]. The static pressure of the water

main is 95 psi [2]. The flow availability is 1900 gpm at 20 psi residual pressure [2]. The
temperature of the water distribution system tends to follow the lake temperatures [2].

This temperature range is 40F - 75F [2]. The typical depth of the water main is 5’ - 6’
deep [2]. The water supply is sufficient for heat exchange.

Feasibility study question three is “What neighborhoods already have existing
water infrastructure and flow rates that would handle heat exchange?” [8]. The location

of my house has sufficient water supply to support a water main geothermal HVAC
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system. The fourth question from the feasibility study is “What parts of the water
distribution system are already scheduled for upgrades?” [8]. The City of Cleveland
Water Department is continuously improving the community water distribution system.
Designing a water main geothermal HVAC system around upgrades would apply more if

the city were taking on responsibility for the heat exchange system and returning the

water to the main.
Currently the City of Cleveland Water Department is not taking on that additional

responsibility. The current acceptable design practice does not rely on system upgrades.

Question five of the feasibility study is “What are the estimated costs of upgrading the
water mains needed to implement the geothermal connection?” [8]. Currently there are no
additional upgrades needed for the acceptable design practice. A water-source heat pump
could be directly connected to the existing incoming water supply line to the residence.

The water could be returned to the existing sanitary sewer line.

Question six of the recommended feasibility study is “How much would it cost to
install a double walled heat exchanger (and perhaps a geothermal heat pump) for 100
homes or 1000 homes? Could the city afford to pay the upfront costs and recoup the cost
on the water bill?” [8]. The City of Cleveland Water Department is not going to take on

the responsibility of managing and installing a water main geothermal HVAC system for
any residence. It is up to the homeowner to purchase the equipment, pay for installation,

recoup the tax incentives available, and adhere to the current acceptable design practices.

Question seven of the feasibility study is “What kind of technical or financial assistance
can be offered to residents for installing a geothermal heat pump and double walled heat
exchanger?” [8]. The federal tax incentive available is 26% provided certain standards
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are followed. For residents of the City of Cleveland there is a 100% 15-year property tax

abatement available for homeowners and developers who adhere to the Green Building

requirements.

Question eight of the feasibility study is “What is the best starting point for this

system to be implemented in the city? Would it focus on commercial buildings or
residential?” [8]. For this research it would be best for the resident installing the water

main geothermal HVAC system to adhere to the current design standards and provide
performance related information to the city for future decisions. The residential setting

has great potential for adopting water main geothermal HVAC systems. Question nine of
the feasibility study is “How long is the cost recovery for water infrastructure upgrades

for the water utility?” [8]. For the current acceptable design practice upgrades relating to
the installation of water main geothermal HVAC systems are not needed in the residential

setting. The City of Cleveland Water Department uses the money it receives from its

customers to perform water supply upgrades. Question ten of the feasibility study is
“How much revenue would be generated for the water utility?” [8]. Currently any

additional revenue coming from the use of a water main geothermal HVAC system
would be that number. This type of system is not currently being implemented in the
greater Cleveland area. For the City of Cleveland Water Department, the largest revenue

would come from the current acceptable design practice where the customer would be
charged for the water used to operate this system.

Question eleven of the feasibility study is “What are the health, safety, and
environmental benefits for the city and its residents (such as carbon emissions reductions,

indoor air quality, reduced risk of gas leaks)?” [8]. Currently the acceptable design
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practice where water is not returned to the water supply would benefit the city and its
residents most. The adoption of a water main geothermal HVAC system is one of the best

methods for reducing carbon emissions in the residential setting. Eliminating the use of
natural gas in a residence immediately makes the residence safer. From a fire protection

standpoint, the elimination of natural gas coming into a home would make it a safer
house. Question twelve of the feasibility study is “What are the overall economic and
financial benefits for both the city and the residents?” [8]. Any additional revenue for the

City of Cleveland from the installation of a water main geothermal HVAC system is a
financial benefit. The residents will benefit financially if the system provides a lower

annual utility bill from adopting the system. The main benefits from installing this system
are the environmental benefits from the reduction in carbon emissions which should be

the focus of adopting this system.

The feasibility study provided in “Water Main Geothermal: Could Existing Water
Pipes Replace Dirty Energy Utilities?” can be used for future implementation of water

main geothermal HVAC systems. These systems could be in the residential or
commercial setting. Currently in the Greater Cleveland area the only acceptable design

practice is to install a system where the water is returned to the sanitary sewer after heat

exchange. This simplifies the design process with no additional digging or heat
exchanger equipment being required. Community based water main geothermal HVAC

systems may prove to have benefits of their own. Options three and four of Figure 1 from
“Water Main Geothermal: Could Existing Water Pipes Replace Dirty Energy Utilities?”

present community water main geothermal HVAC systems. In each case the heat pump is
owned by the resident. An analysis of each system is required to determine if using a
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community-based utility owned heat exchanger would reduce the energy consumption
required by the heat pump. Future research work could include this evaluation and

provide the concluding results.
A recent article published on 1 March 2022 by Jeff St. John of Canary Media

suggests the use of a community-based heat pump system like the designs introduced in
“Water Main Geothermal: Could Existing Water Pipes Replace Dirty Energy Utilities?”.
In the Canary Media article “A net-zero future for gas utilities? Switching to underground

thermal networks” the system proposed is a utility based traditional geothermal heat
pump system [12]. There are several energy utility companies involved in the research

proposed in this article which suggests there is a significant interest in developing future

alternative solutions for the heating and cooling of residential spaces. The water main
geothermal HVAC system provides a viable solution.
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CHAPTER V

RESULTS AND DISCUSSION

The main objective of this research was to design, evaluate, and provide an
economic analysis of a water main geothermal HVAC system in a residential space using

TRNSYS 18 with the TESS component library package. Provide concrete data that

supports the economic feasibility of owning and operating this type of geothermal

system. This research achieved that analysis and helped determine any next steps to

achieve the feasibility of the design and implementation of these systems on a larger scale
and the impact these systems will have on reducing carbon emissions.

The water main geothermal system was designed using TRNSYS 18 with the
TESS component library package. A detailed guide, explaining the procedure for using

TRNSYS 18 with the TESS component library package was developed. The guide will

allow researchers to understand the overall system design including results. A
performance, economic, and environmental analysis was provided that included

alternative systems and climate regions. A system feasibility study was completed to help

determine any advantages, incentives, and barriers. The feasibility study helps provide a

guide to obtaining the information needed for designing the system.
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5.1 Water Main Geothermal HVAC System Performance
The performance of the water main geothermal HVAC system shows that it is a
viable solution for a residential HVAC system. The system removes the need for natural

gas and utilizes the local city water main to provide heating and cooling for a residential

space. The water main geothermal HVAC does not require a ground loop system to be
designed and installed. On the low end a horizontal ground loop system for a traditional
geothermal heat pump HVAC costs $10,000.

For my residence, the water main geothermal HVAC system costs less than a
traditional natural gas furnace and central air-conditioning system. This was determined

by using monthly billing statements and simulating the water main geothermal HVAC

system using my address in Parma, OH. The water main geothermal system used less
electricity consumption than the traditional geothermal heat pump HVAC in the

Cleveland, OH climate region.

Varying the climate region varied the performance of the water main geothermal
HVAC system. In Augusta, GA the water main geothermal HVAC system had the

highest annual electricity consumption of any system. In Fresno, CA the water main

geothermal system had the lowest annual electricity consumption of any system. In

Madison, WI the water main geothermal HVAC system had the highest annual electricity

consumption of any system. The environmental impact of the water main geothermal
HVAC system resembled the annual electricity consumption of the system. If the water

main geothermal HVAC system had the highest annual electricity consumption in a
climate region it also had the highest carbon emissions. The consumption of retail
electricity is the contributing factor to the carbon emissions produced by the system.
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5.2 Traditional Geothermal HVAC System Performance
The traditional geothermal heat pump HVAC system was used for a comparative

study and evaluation. This system helped provide a baseline for comparison. The
performance of the traditional geothermal heat pump HVAC system resembled the
performance of the water main geothermal HVAC system. Using my residence as the

model in Cleveland, OH the traditional geothermal heat pump HVAC system used more
electricity annually than the water main geothermal HVAC system. This resulted in

higher carbon emissions.
In Augusta, GA and Madison, WI the traditional geothermal heat pump HVAC

system used less electricity annually than the water main geothermal HVAC system. This
performance resulted in less carbon emissions as well. In Fresno, CA the traditional

geothermal heat pump HVAC system used more electricity annually than the water main
geothermal HVAC system. This resulted in higher carbon emissions.
The traditional geothermal heat pump HVAC system compared closely to the

water main geothermal HVAC system when it came to efficiency. The monthly heating
and cooling capacities of the traditional geothermal heat pump HVAC system compared

closely to the water main geothermal HVAC system. For every 1 kJ of power consumed
3 kJ of heat were produced. This demonstrated the efficiency of a geothermal heat pump

in each system.

The traditional geothermal heat pump HVAC system does not require water

consumption to operate. This eliminates the addition of a monthly water and sewer bill
for operation. This system does require a horizontal or vertical ground loop. The low-end

cost of a ground loop system in a residential space is $10,000.
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5.3 Air-Source Heat Pump HVAC System Performance
The air-source heat pump HVAC system had the best overall performance of any

system. The air-source heat pump HVAC system had the lowest annual electricity

consumption in Cleveland, OH, Augusta, GA, and Madison, WI. This resulted in the
lowest carbon emissions in each of these climate regions as well. In Fresno, CA the air

source heat pump HVAC system did not perform as well as the water main geothermal
HVAC system or the traditional geothermal heat pump HVAC system.

The air-source heat pump HVAC system does not require water consumption for

operation. This eliminates the addition of a monthly water and sewer bill for operation.
This system does not require a horizontal or vertical ground loop. The equipment costs

for the air-source heat pump HVAC system are comparable to each of the other systems

when purchased new and within the same capacity range. The air-source heat pump
HVAC system performed well in the colder temperatures.

The monthly heating and cooling capacities of the air-source heat pump HVAC

system were comparable to the water main geothermal HVAC system and the traditional
geothermal heat pump HVAC system. The air-source heat pump HVAC system is a

viable solution for heating and cooling. The simulation performance results verified that
it is. The overall efficiency of the air-source heat pump HVAC system made it the most
desirable HVAC system solution.

The air-source heat pump HVAC system had the best performance across the
varied climate regions. The air-source heat pump HVAC system does require a unit to be

installed in the outdoor elements. Depending on the climate region where the unit is

installed there could be a reduced lifecycle of the equipment as a result.
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5.4 Electric Furnace Central AC HVAC System Performance

The electric furnace central air-conditioning HVAC system has been an

alternative solution to the traditional natural gas furnace central air-conditioning system
for some time now. This system is still a viable solution for heating and cooling across
the varying climate regions. The electric furnace central air-conditioning HVAC system

equipment costs are comparable to each of the other systems when purchased new and
within the same capacity range.

The electric furnace central air-conditioning HVAC system does not have the

monthly heating and cooling capacity of the heat pump systems. The electric furnace
central air-conditioning HVAC system uses more power to produce less heat. This
performance is not desirable and ultimately leads to higher monthly electricity

consumption and costs. The electric furnace central air-conditioning HVAC system did
have monthly electricity on the lower end in Cleveland, OH, Augusta, GA, and Madison,

WI. This resulted in lower end carbon emissions.
In Fresno, CA the electric furnace central air-conditioning HVAC system had the

lowest annual electricity consumption. This resulted in the lowest carbon emissions as
well. The electric furnace central air-conditioning HVAC system is still a viable option

for the heating and cooling of residential spaces across the entire climate range.

The electric furnace central air-conditioning HVAC system is a commonly used

system nationwide. In many residential spaces the electric furnace central air
conditioning HVAC system needs doubled in capacity to be able to accommodate the
entire living space effectively. There is often a need for multiple units located in separate

zones to accommodate the heating and cooling requirements of the residential space.
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5.5 Alternative System Performance Results Comparison

January
February
March
April
May
June
July
August
September
October
November
December
Annual

Water Main Geothermal
Heating Capacity (kJ)
1.34E+07
1.22E+07
8.64E+06
3.97E+06
7.34E+05
0.00E+00
0.00E+00
0.00E+00
1.81E+05
2.19E+06
5.94E+06
1.09E+07
5.82E+07

Traditional Geothermal
Heating Capacity (kJ)
1.34E+07
1.22E+07
8.62E+06
3.95E+06
6.89E+05
0.00E+00
0.00E+00
0.00E+00
1.77E+05
2.31E+06
5.95E+06
1.09E+07
5.82E+07

Air-Source Heat Pump
Heating Capacity (kJ)
1.33E+07
1.22E+07
8.60E+06
3.89E+06
6.60E+05
0.00E+00
0.00E+00
0.00E+00
1.44E+05
2.09E+06
5.80E+06
1.09E+07
5.77E+07

Electric Furnace/ Central AC
Heating Capacity (kJ)
3.29E+06
2.83E+06
1.81E+06
4.82E+05
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
8.37E+04
8.49E+05
2.50E+06
1.19E+07

Table 1: Alternative System Heating Capacity Comparison
Table 1 highlights the heating capacities of the water main geothermal HVAC

system, traditional geothermal HVAC system, air-source heat pump HVAC system, and
the electric furnace/ central air-conditioning system. The heating capacity performance
data is for my residence using the Cleveland, OH weather data. The water main
geothermal HVAC system, traditional geothermal HVAC system, and air-source heat

pump HVAC system results compare closely indicating that each of the systems have

similar heating capacities due to each system consisting of a heat pump for operation.
The electric furnace/ central air-conditioning system has a lower heating capacity
than the three heat pump HVAC systems. The heating capacity of each of the heat pump

systems is slightly larger than the electric furnace/ central air-conditioning system. The

electric furnace/ central air-conditioning system is not in heating mode during the months
of May and September as shown in Table 1. The results are a lower heating energy

consumption for those months. For this research, the thermostat is always in heating and
cooling mode and as a result, the ambient and zone temperatures determine when the

system requires heating or cooling.
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Water Main Geothermal Traditional Geothermal Air-Source Heat Pump Electric Furnace/ Central AC
Cooling Capacity (kJ)
Cooling Capacity (kJ) Cooling Capacity (kJ)
Cooling Capacity (kJ)
January
0.00E+00
0.00E+00
0.00E+00
0.00E+00
February
0.00E+00
0.00E+00
0.00E+00
0.00E+00
March
-1.84E+05
-1.90E+05
1.37E+05
1.23E+05
April
-5.10E+05
-5.81E+05
4.17E+05
3.78E+05
May
-2.12E+06
-2.37E+06
1.78E+06
1.60E+06
June
-4.71E+06
-5.61E+06
4.37E+06
4.08E+06
July
-7.62E+06
-9.04E+06
7.12E+06
6.51E+06
August
-5.34E+06
-6.21E+06
4.99E+06
4.64E+06
September
-2.17E+06
-2.47E+06
1.97E+06
1.91E+06
October
-1.68E+05
-1.79E+05
1.30E+05
1.15E+05
November
0.00E+00
0.00E+00
0.00E+00
0.00E+00
December
0.00E+00
0.00E+00
0.00E+00
0.00E+00
Annual
-2.28E+07
-2.66E+07
2.09E+07
1.94E+07

Table 2: Alternative System Cooling Capacity Comparison
Table 2 highlights the cooling capacities of the water main geothermal HVAC

system, traditional geothermal HVAC system, air-source heat pump HVAC system, and
the electric furnace/ central air-conditioning system. The cooling capacities of each

system are similar. The water main geothermal HVAC system and the traditional
geothermal HVAC system have slightly larger cooling capacities. TRNSYS 18 reports

the reports the cooling capacities of each of these systems using negative values to

indicate the heat removal and cooling of the system.
Each system is in cooling mode for the months of March through October. The

thermostat model is always set in heating and cooling mode for this research. At no point
is the thermostat shut off. The heating and cooling capacities of each system and the
energy consumption of each system resemble each other. In Cleveland, OH the system

has a larger heating requirement. The energy consumption for the winter months is larger
resulting in a higher energy bill. Future research could include a variety of heating and
cooling schedules implementing varying thermostat temperatures.
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Water Main Geothermal Traditional Geothermal Air-Source Heat Pump Electric Furnace/ Central AC
Energy Consumption (kJ) Energy Consumption (kJ) Energy Consumption (kJ)
Energy Consumption (kJ)
January
4.74E+06
4.25E+06
3.18E+06
4.12E+06
February
4.29E+06
3.93E+06
3.05E+06
3.54E+06
March
3.10E+06
2.77E+06
1.91E+06
2.29E+06
April
1.49E+06
1.32E+06
8.60E+05
6.94E+05
May
5.52E+05
5.65E+05
6.13E+05
3.88E+05
June
6.43E+05
8.55E+05
1.21E+06
9.90E+05
July
1.05E+06
2.21E+06
1.98E+06
1.58E+06
August
7.31E+05
1.53E+06
1.38E+06
1.12E+06
September
3.58E+05
7.14E+05
5.69E+05
4.64E+05
October
8.12E+05
1.58E+06
4.17E+05
1.33E+05
November
2.13E+06
1.76E+06
1.15E+06
1.06E+06
December
3.88E+06
3.33E+06
2.37E+06
3.13E+06
Annual
2.38E+07
2.48E+07
1.87E+07
1.95E+07

Table 3: Alternative System Energy Consumption Comparison
Table 3 highlights the energy consumption of the water main geothermal HVAC

system, traditional geothermal HVAC system, air-source heat pump HVAC system, and
the electric furnace/ central air-conditioning system. The energy consumption

performance data is for my residence using the Cleveland, OH weather data. The energy

consumption requirements for the water main geothermal HVAC system and traditional
geothermal HVAC system are greater than the energy consumption requirements for the

air-source heat pump and electric furnace/ central air-conditioning systems.

The traditional geothermal HVAC system has a slightly larger energy
consumption requirement than the water main geothermal HVAC system. The energy
consumption requirements reflect the heating and cooling capacity performance data of

each system. The utility bills of each of these systems resemble each of these sets of data.

The winter months experience the largest energy consumption in each of these systems.
This is a result of the Cleveland, OH weather data. For this model, the air-source heat

pump HVAC system has the lowest energy consumption. The heating capacity, cooling

capacity, and energy consumption data of each system are used to assess the performance
of each system. The utility bill of each system is a result of the energy consumption.
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January
February
March
April
May
June
July
August
September
October
November
December
Annual

Water Main Geothermal
Electric Utility Bill ($)
$171.20
$155.08
$111.85
$53.90
$19.92
$23.22
$37.78
$26.39
$12.93
$29.31
$76.84
$140.21
$858.62

Traditional Geothermal
Electric Utility Bill ($)
$153.29
$141.79
$100.09
$47.52
$20.41
$30.89
$79.98
$55.11
$25.78
$57.19
$63.47
$120.31
$895.83

Air-Source Heat Pump
Electric Utility Bill ($)
$114.99
$110.11
$69.13
$31.05
$22.14
$43.53
$71.51
$49.80
$20.53
$15.05
$41.43
$85.76
$675.03

Electric Furnace/ Central AC
Electric Utility Bill ($)
$148.65
$127.72
$82.86
$25.05
$14.01
$35.76
$57.07
$40.62
$16.75
$4.79
$38.34
$113.00
$704.63

Table 4: Alternative System Electric Utility Bill Comparison
Table 4 highlights the electric utility bill information for the water main
geothermal HVAC system, traditional geothermal HVAC system, air-source heat pump
HVAC system, and the electric furnace/ central air-conditioning system. The electric

utility bill information is for my residence using the Cleveland, OH weather data. The

electric utilities bills of each system are a result of the required energy consumption of
each system. The traditional geothermal HVAC system had the largest energy
consumption requirement and as a result has the highest electric utility bill.

The air-source heat pump HVAC system had the lowest energy consumption
requirement and as a result has the lowest electric utility bill. The utility bills of each

system correlate with the heating capacity, cooling capacity, and energy consumption
data of each system. Tables 1 through 4 are used to evaluate the performance of each of

the alternative HVAC system solutions against the performance of the water main
geothermal HVAC system in the Cleveland, OH climate region. The water main
geothermal HVAC system performs well in the Cleveland, OH climate region. The utility

bill of the water main geothermal HVAC system is the highest of any of the systems for
this model. The water main geothermal HVAC system is a feasible solution.
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Water Main Geothermal Cleveland Water Main Geothermal Augusta Water Main Geothermal Fresno Water Main Geothermal Madison

Heating Capacity (kJ)

Heating Capacity (kJ)

Heating Capacity (kJ)

Heating Capacity (kJ)

January

1.34E+07

1.95E+07

4.04E+06

1.72E+07

February

1.22E+07

1.57E+07

2.18E+06

1.41E+07

March

8.64E+06

7.85E+06

1.14E+06

8.27E+06

April

3.97E+06

5.08E+06

5.30E+04

4.94E+06

May

7.34E+05

1.34E+06

0.00E+00

9.19E+05

June

0.00E+00

2.41E+05

0.00E+00

0.00E+00

July

0.00E+00

0.00E+00

0.00E+00

0.00E+00

August

0.00E+00

0.00E+00

0.00E+00

0.00E+00

September

1.81E+05

0.00E+00

0.00E+00

7.68E+05

October

2.19E+06

3.21E+06

0.00E+00

4.22E+06

November

5.94E+06

6.96E+06

1.76E+06

9.28E+06

December

1.09E+07

1.27E+07

4.65E+06

1.52E+07

Annual

5.82E+07

5.98E+07

1.38E+07

7.49E+07

Table 5: Regional System Heating Capacity Comparison
Table 5 highlights the heating capacities for the water main geothermal system in

Cleveland, OH, Augusta, GA, Fresno, CA, and Madison, WI. Madison, WI has the

largest heating requirement of the four climate regions. The heating capacities in Table 5
correlate with the weather data of each climate region. Madison, WI experienced the
coldest temperatures the year the weather data was collected resulting in the largest
heating requirement. Fresno, CA is the warmest climate region of the four climate

regions. The heating requirement of the water main geothermal HVAC system in Fresno,
CA is the lowest. The heating capacity information is used to observe the performance of
the system. The data is used to verify the system is in heating mode. The weather data of

each climate region varies and as a result the heating requirement of each region varies.

The water main geothermal HVAC system can supply the required heat. The water main
geothermal HVAC system is a feasible solution for heating in each of the four regions.

The energy consumption data and utility bill of each climate region correlate with the

heating capacities of each climate region. Fresno, CA has the warmest climate and lowest
heating requirement. Madison, WI has the coldest climate and largest heating

requirement.
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Water Main Geothermal Cleveland

Water Main Geothermal Augusta

Water Main Geothermal Fresno

Water Main Geothermal Madison

Cooling Capacity (kJ)

Cooling Capacity (kJ)

Cooling Capacity (kJ)

Cooling Capacity (kJ)

January

0.00E+00

0.00E+00

0.00E+00

0.00E+00

February

0.00E+00

0.00E+00

0.00E+00

0.00E+00

March

-1.84E+05

0.00E+00

-1.61E+05

0.00E+00

April

-5.10E+05

0.00E+00

-1.66E+06

-3.11E+05

May

-2.12E+06

-1.65E+05

-5.58E+06

-2.28E+06

June

-4.71E+06

-1.29E+06

-8.97E+06

-3.51E+06

July

-7.62E+06

-3.09E+06

-1.19E+07

-6.55E+06

August

-5.34E+06

-4.16E+06

-1.05E+07

-5.00E+06

September

-2.17E+06

-2.80E+06

-7.38E+06

-1.12E+06

October

-1.68E+05

-9.40E+04

-3.67E+06

0.00E+00

November

0.00E+00

0.00E+00

0.00E+00

0.00E+00

December

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Annual

-2.28E+07

-1.16E+07

-4.99E+07

-1.88E+07

Table 6: Regional System Cooling Capacity Comparison
Table 6 highlights the cooling capacities for the water main geothermal system in

Cleveland, OH, Augusta, GA, Fresno, CA, and Madison, WI. Fresno, CA has the

warmest climate region and the largest cooling requirement. The water main geothermal
HVAC system performs well in the warm climate region. The system can supply the

cooling requirements of the Fresno, CA climate region. Cleveland, OH has the second

largest cooling requirement. This is a result of the Cleveland, OH weather data the year

that the data was recorded.

The annual weather data for Augusta, GA allowed for the region cooling
requirements to be the lowest. The lower cooling requirements will result in lower energy

consumption. Evaluating the water main geothermal HVAC across a variety of climate

regions shows the system is a feasible solution for cooling. The energy consumption data
and utility bill of each climate region will correlate with the cooling capacities of each
climate region. Future analysis can include using several sets of annual weather data for

each region. Additional regions and cities within the same region could be compared.
Each of the four regions assessed cover a sufficient range of temperatures to evaluate the
water main geothermal HVAC system against.
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Water Main Geothermal Cleveland Water Main Geothermal Augusta Water Main Geothermal Fresno Water Main Geothermal Madison

Energy Consumption (kJ)

Energy Consumption (kJ)

Energy Consumption (kJ)

January

4.74E+06

6.67E+06

1.46E+06

5.85E+06

February

4.29E+06

5.46E+06

7.88E+05

4.88E+06

March

3.10E+06

2.80E+06

4.33E+05

2.95E+06

April

1.49E+06

1.83E+06

2.42E+05

1.81E+06

May

5.52E+05

5.08E+05

7.64E+05

6.41E+05

June

6.43E+05

2.59E+05

1.24E+06

4.75E+05

July

1.05E+06

4.18E+05

1.65E+06

8.98E+05

August

7.31E+05

5.66E+05

1.45E+06

6.81E+05
4.29E+05

Energy Consumption (kJ)

September

3.58E+05

3.81E+05

1.01E+06

October

8.12E+05

1.17E+06

4.98E+05

1.52E+06

November

2.13E+06

2.49E+06

6.36E+05

3.30E+06

December

3.88E+06

4.50E+06

1.67E+06

5.26E+06

Annual

2.38E+07

2.71E+07

1.18E+07

2.87E+07

Table 7: Regional System Energy Consumption Comparison
Table 7 highlights the required energy consumption of the water main geothermal
HVAC system in Cleveland, OH, Augusta, GA, Fresno, CA, and Madison, WI. The

largest required energy consumption of the water main geothermal HVAC system is in
Madison, WI. Madison, WI experiences the coldest annual temperatures. The required

energy consumption for heating in Madison, WI is higher than the other three regions.
Augusta, GA has the next highest annual energy consumption. Augusta, GA has the next

coldest annual temperature data. The higher heating demand contributes to the higher

energy consumption.
Cleveland, OH had higher annual temperatures than Madison, WI and Augusta,

GA contributing to a lower heating demand. Fresno, CA has the warmest climate of the

four regions. Fresno, CA has the lowest energy consumption annually of the four regions.
The water main geothermal HVAC system was able to supply the heating and cooling

requirements of each of the four regions. The climate region with the warmest climate
experienced the lowest energy consumption annually. Heating requires more energy

consumption than cooling for the water main geothermal HVAC system. Future analysis
could include climate regions warmer than Fresno, CA.
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Water Main Geothermal Cleveland Water Main Geothermal Augusta Water Main Geothermal Fresno Water Main Geothermal Madison
January

Electric Utility Bill ($)
$171.20

Electric Utility Bill ($)
$259.49

Electric Utility Bill ($)
$93.11

Electric Utility Bill ($)
$243.70

February
March

$155.08
$111.85

$212.53
$108.96

$50.36
$27.66

$203.43
$122.71

April
May

$53.90
$19.92

$71.00
$19.77

$15.47
$48.81

$75.46
$26.70

June
July

$23.22
$37.78

$10.08
$16.27

$79.02
$105.47

$19.81
$37.42

August
September

$26.39
$12.93

$22.01
$14.81

$92.92
$64.76

$28.37
$17.86

October
November

$29.31
$76.84

$45.39
$96.83

$31.84
$40.62

$63.28
$137.62

December
Annual

$140.21
$858.62

$174.93
$1,052.08

$106.76
$756.81

$219.12
$1,195.48

Table 8: Regional System Electric Utility Bill Comparison
Table 8 highlights the electricity bill for the water main geothermal HVAC in

Cleveland, OH, Augusta, GA, Fresno, CA, and Madison, WI. Madison, WI has the
highest annual electricity bill. This region is the coldest climate region and it has the

largest heating demand. The large energy consumption required for heating is the reason
Madison, WI has the highest annual electricity bill. Augusta, GA has the second highest

annual electricity bill. This is the result of the system heating demand.
Fresno, CA has the lowest annual electricity bill of the four climate regions for
the water main geothermal HVAC system. Fresno, CA has the warmest climate of the

four regions. The heating demand of Fresno, CA is the lowest. The analysis of the water

main geothermal HVAC system across the climate regions shows that heating costs more
than cooling. The annual electricity bill of Fresno, CA is $438.67 less than Madison, WI.
Fresno, CA has the higher electricity rate. The cost of electricity is $0.23 per kWh in
Fresno, CA and $0.15 per kWh in Madison, WI. The heating capacity, cooling capacity,

energy consumption, and electricity bill show which climate region the water main
geothermal HVAC system performs best. The water main geothermal HVAC system

performs best in the warmer climate region of Fresno, CA.
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Water Main Geothermal Cleveland Water Main Geothermal Augusta Water Main Geothermal Fresno Water Main Geothermal Madison
Water Consumption (gal)
Water Consumption (gal)
Water Consumption (gal)
Water Consumption (gal)
January
February
March

1.45E+03
1.31E+03
9.53E+02

2.07E+03
1.67E+03
8.59E+02

4.48E+02
2.43E+02
1.36E+02

1.51E+03
9.03E+02

April
May
June

4.69E+02
2.13E+02
2.95E+02

5.61E+02
1.60E+02
1.05E+02

1.08E+02
3.50E+02
5.67E+02

5.62E+02
2.44E+02
2.18E+02

July
August
September
October

4.81E+02
3.36E+02
1.54E+02
2.53E+02

1.92E+02
2.60E+02
1.75E+02
3.61E+02

7.56E+02
6.67E+02
4.65E+02
2.28E+02

4.13E+02
3.13E+02
1.55E+02
4.67E+02

November
December
Annual

6.53E+02
1.19E+03
7.76E+03

7.64E+02
1.38E+03
8.55E+03

1.96E+02
5.14E+02
4.68E+03

1.01E+03
1.62E+03
9.25E+03

1.82E+03

Table 9: Regional System Water Consumption Comparison
Table 9 highlights the required water consumption for the water main geothermal
HVAC system in Cleveland, OH, Augusta, GA, Fresno, CA, and Madison, WI. The

required water consumption is used to calculate the monthly and annual water and sewer

bill. The water and sewer bill are additional costs associated with the water main
geothermal HVAC system. The water consumption resembles the electricity

consumption. More water is required for heating than cooling.
Madison, WI has the highest annual water consumption due to its heating
requirements. Augusta, GA has the second highest annual water consumption
requirement to operate the system. Fresno, CA where the temperatures are the highest

experiences the lowest annual water consumption. The required water consumption for
cooling is less than the required water consumption for heating. The annual water
consumption resembles the annual electricity consumption. The heating and cooling

capacities of each of the climate regions resemble the energy consumption of the water
main geothermal HVAC system. This performance data determines the monthly and
annual water and sewer bill. The feasibility of the water main geothermal HVAC system
is dependent on the required water consumption.
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Water Main Geothermal Cleveland Water Main Geothermal Augusta Water Main Geothermal Fresno Water Main Geothermal Madison
Water/Sewer Utility Bill ($)
Water/Sewer Utility Bill ($)
Water/Sewer Utility Bill ($)
Water/Sewer Utility Bill ($)
January
$51.39
$50.44
$44.75
$44.06
February
$48.35
$48.03
$44.27
$41.43
March
$42.11
$43.00
$44.03
$36.36
April
$32.93
$41.16
$43.96
$33.51
May
$28.08
$38.69
$44.52
$30.85
June
$29.64
$38.35
$45.03
$30.63
July
$33.16
$38.88
$45.47
$32.26
August
$30.41
$39.30
$45.26
$31.42
September
$26.97
$38.78
$44.79
$30.10
October
$28.84
$39.92
$44.24
$32.71
November
$36.43
$42.41
$44.17
$37.27
December
$44.16
$46.19
$44.90
$42.39
Annual
$432.48
$505.18
$535.40
$422.98

Table 10: Regional System Water/Sewer Utility Bill Comparison
Table 10 highlights the water/sewer utility bill for the water main geothermal
HVAC system in Cleveland, OH, Augusta, GA, Fresno, CA, and Madison, WI. Fresno,

CA has the highest annual water/sewer utility bill. This is due to the water and sewer

consumption charges for Fresno, CA. Madison, WI has the lowest annual water/sewer
utility bill. This is due to the water and sewer consumption charges for Madison, WI. The
water main geothermal HVAC system can currently be designed to use the city water

main for heat sink however it must return the water to the sanitary sewer.

For every amount of water used for each of these climate regions there is a water
usage charge. There is a sewer charge in addition to the water usage charge. The local

city websites were used to determine the water and sewer charges for each location so
that the total monthly water/sewer charge could be determined. Fresno, CA has a higher
electricity rate and a higher water/sewer rate. The annual cost of the water/sewer bill for

Cleveland, OH is less than the cost to operate a natural gas furnace. The water main
geothermal HVAC system is economically feasible. This research has provided the water

consumption required to operate the system. Along with the water consumption this
research has provided the monthly and annual water/sewer bill. It was unknown whether
the water main geothermal HVAC would be economically feasible.
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Water Main Geothermal Cleveland Water Main Geothermal Augusta Water Main Geothermal Fresno Water Main Geothermal Madison

Outdoor Temp. (°C)

Outdoor Temp. (°C)

Outdoor Temp. (°C)

Outdoor Temp. (°C)

(Avg./High/Low)

(Avg./High/Low)

(Avg./High/Low)

(Avg./High/Low)

January

(-3.09/12.2/-16.1)

(-11.9/8.8/-26.6)

(8.2/16.1/-2.2)

(-10/7.2/-28.9)

February

(-3.53/13.9/-20.6)

(-8.4/15/-21.7)

(10.4/19.4/0.6)

(-7.3/4.4/-33.3)

March

(3.14/26.7/-11.1)

(3.4/18/-11)

(12.8/25.6/1.7)

(3.2/23.3/-8.2)

April

(9.2/27.2/-2.7)

(6.7/25.8/-1)

(16.8/28.9/5.6)

(7.4/34.4/-5)

May

(15.97/28.3/0.1)

(12.3/25.9/3.1)

(21.7/38.8/7.8)

(16/29.4/0)

June

(21.1/31.6/10.6)

(16.3/28.9/5.1)

(25.5/41.1/11.8)

(19.2/33.3/5.6)

July

(24.1/35.6/12.2)

(19.6/29.9/14)

(28.7/41.1/15.6)

(23/34.4/9.5)

(21.7/33.9/10)

(20.5/30.6/8.9)

(27.1/39.4/15.6)

(21.2/32.8/8.3)

(17.99/28.3/7.2)

(18.7/34.1/6)

(24.2/37.8/11.8)

(15.1/28.3/2.8)

(11.52/23.9/0)

(9.6/24.3/-3.8)

(19.9/36.7/8.9)

(8.3/24.3/-4.3)

(6.1/18.27/-4.89)

(4.38/16/-11.9)

(11.2/21.1/3.3)

(1.6/16.7/-11.1)

August

September
October

November
December

(-0.7/13.3/-11.6)

(-2.9/7/-15)

(7.39/23.9/-3.27)

(-6.9/9.4/-24.4)

Annual

(10.4/35.6/-20.6)

(7.5/34.1/-26.6)

(17.9/41.1/-3.3)

(7.8/34.4/-33.3)

Table 11: Regional Weather Data
Table 11 highlights the regional weather data for the water/sewer utility bill for

the water main geothermal HVAC system in Cleveland, OH, Augusta, GA, Fresno, CA,
and Madison, WI. The lowest annual temperatures are experienced in Madison, WI. Due
to the greater heating requirements Madison, WI had the highest electricity bill. Fresno,

CA experienced the highest annual temperatures. Due to the reduced need for heating
Fresno, CA had the lowest electricity bill even after having the highest electricity rate.

The water/sewer bill did not follow the same relationship. This is due to the varying

water/sewer fees.
Augusta, GA experienced lower temperatures than Cleveland, OH creating a

larger heating demand. This resulted in a higher electricity bill. By analyzing the water
main geothermal HVAC system performance regionally, the relationship between the
climate region temperature and system performance can be made. The water main

geothermal HVAC system performed better in the warmer climate region of Fresno, CA.
Cooling requires less energy consumption than heating. Madison, WI had the highest
electricity consumption because of the heating demand of the system.
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CHAPTER VI
CONCLUDING REMARKS

The performance of the water main geothermal HVAC system shows that it is a
viable solution for a residential HVAC system. The system removes the need for natural

gas and utilizes the local city water main to provide heating and cooling for a residential
space. This research was able to provide the monthly and annual water and electricity

consumption requirements of the water main geothermal HVAC system for a variety of
climate regions. This consumption data was either unknown or not readily available prior

to this research.

6.1 Summary
The main objective of this research was to design, evaluate, and provide an
economic analysis of a water main geothermal HVAC system in a residential space using

TRNSYS 18 with the TESS component library package. Provide concrete data that

supports the economic feasibility of owning and operating this type of geothermal

system. This research achieved that analysis and helped determine any next steps to

achieve the feasibility of owning a water main geothermal HVAC system. The water
main geothermal HVAC system is a viable solution.
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The performance of the water main geothermal HVAC system shows that it is a
viable solution for a residential HVAC system. The system removes the need for natural

gas and utilizes the local city water main to provide heating and cooling for a residential
space. Removing natural gas from a residential space makes the residential space safer.

The need for carbon dioxide (CO2) monitoring is removed. The water main geothermal
HVAC does not require a ground loop system to be designed and installed. On the low

end a horizontal ground loop system for a traditional geothermal heat pump HVAC costs
$10,000.

6.2 Conclusions
A water main geothermal HVAC system was designed and simulated using
TRNSYS 18 with the TESS component library package. The design and simulation were
able to provide the previously unknown water and electricity consumption demands of

the system in a residential space. The simulation provided system performance data that

could be used to evaluate the system. A performance, economic, and environmental

evaluation across several climate regions was achieved. The results were compared
against available alternative solutions.

6.3 Recommendations
Future research work could include further simulations using TRNSYS 18 with
the TESS component library package. These simulations could vary the residential space
used for modelling. An entire neighborhood could be modelled using a community-based

design. Future research work could include climate regions not covered by this research.
Multifamily housing models could be developed for simulation. Future research work

could include an analysis incorporating a solar panel system to offset electricity use.
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APPENDIX

Water Main Geothermal HVAC System - Cleveland, OH - Annual Performance

Water Main Geothermal HVAC System - Cleveland, OH - January Performance

124

Water Main Geothermal HVAC System - Cleveland, OH - July Performance

Water Main Geothermal HVAC System - Cleveland, OH - December Performance

125

Water Main Geothermal HVAC System - Augusta, GA - Annual Performance

Water Main Geothermal HVAC System - Augusta, GA - January Performance
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Water Main Geothermal HVAC System - Augusta, GA - July Performance

Water Main Geothermal HVAC System - Augusta, GA - December Performance
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Water Main Geothermal HVAC System - Fresno, CA - Annual Performance

Water Main Geothermal HVAC System - Fresno, CA - January Performance

128

EER/COP

EER/COP

Water Main Geothermal HVAC System - Fresno, CA - July Performance

Water Main Geothermal HVAC System - Fresno, CA - December Performance
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Water Main Geothermal HVAC System - Madison, WI - Annual Performance

Water Main Geothermal HVAC System - Madison, WI - January Performance

130

EER/COP

EER/COP

Water Main Geothermal HVAC System - Madison, WI - July Performance

Water Main Geothermal HVAC System - Madison, WI - December Performance
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TRNSYS Traditional Geothermal HVAC System Design

132

Traditional Geothermal HVAC System - Cleveland, OH - January Performance

Traditional Geothermal HVAC System - Cleveland, OH - July Performance

133

EER/COP

Temperature (C]
— Ambient

Traditional Geothermal HVAC System - Cleveland, OH - December Performance

Traditional Geothermal HVAC System - Augusta, GA - January Performance

134

Traditional Geothermal HVAC System - Augusta, GA - July Performance

Traditional Geothermal HVAC System - Augusta, GA - December Performance
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Traditional Geothermal HVAC System - Fresno, CA - January Performance

Traditional Geothermal HVAC System - Fresno, CA - July Performance
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Traditional Geothermal HVAC System - Fresno, CA - December Performance

Traditional Geothermal HVAC System - Madison, WI - January Performance
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Traditional Geothermal HVAC System - Madison, WI - July Performance

Traditional Geothermal HVAC System - Madison, WI - December Performance
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Typel5-TMY3

TRNSYS Air-Source Heat Pump HVAC System Design

139

Air-Source Heat Pump HVAC System - Cleveland, OH - Annual Performance

Air-Source Heat Pump HVAC System - Cleveland, OH - January Performance

140

EER/COP

EER/COP

Air-Source Heat Pump HVAC System - Cleveland, OH - July Performance

Air-Source Heat Pump HVAC System - Cleveland, OH - December Performance

141

Temperature |C]
— Ambient
— Zone

EER/COP
— EER
— COP

Air-Source Heat Pump HVAC System - Augusta, GA - Annual Performance

Air-Source Heat Pump HVAC System - Augusta, GA - January Performance

142

EER/COP

EER/COP

Air-Source Heat Pump HVAC System - Augusta, GA - July Performance

Air-Source Heat Pump HVAC System - Augusta, GA - December Performance

143

EER/COP

EER/COP

Air-Source Heat Pump HVAC System - Fresno, CA - Annual Performance

Air-Source Heat Pump HVAC System - Fresno, CA - January Performance

144

EER/COP

EER/COP

Air-Source Heat Pump HVAC System - Fresno, CA - July Performance

Air-Source Heat Pump HVAC System - Fresno, CA - December Performance

145

Air-Source Heat Pump HVAC System - Madison, WI - Annual Performance

Air-Source Heat Pump HVAC System - Madison, WI - January Performance

146

Air-Source Heat Pump HVAC System - Madison, WI - July Performance

Air-Source Heat Pump HVAC System - Madison, WI - December Performance

147

TRNSYS Central Air-Conditioning HVAC System Design

148

Central Air-Conditioning HVAC System - Cleveland, OH - Annual Performance

Central Air-Conditioning HVAC System - Augusta, GA - Annual Performance

149

EER

EER

Central Air-Conditioning HVAC System - Fresno, CA - Annual Performance

Central Air-Conditioning HVAC System - Madison - Annual Performance

150

TRNSYS Electric Furnace HVAC System Design

151

Electric Furnace HVAC System - Cleveland, OH - Annual Performance/ Heating

Capacity

Electric Furnace HVAC System - Augusta, GA - Annual Performance/ Heating Capacity
[kJ/h]

152

Electric Furnace HVAC System - Fresno, CA - Annual Performance/ Heating Capacity
Label not available
— Heating

Temperature |C]
— Ambient
— Zone

Simulation Time =8736.00 [hr]

Electric Furnace HVAC System - Madison, WI - Annual Performance/ Heating Capacity
[kJ/h]

153

TRNSYS Type166 Simple Thermostat - On condition signals water flow

154

TRNSYS Equation - HP Water Flow

Flow_HP = 12*On_HeatPump

155

TRNSYS Type919 Water Source Heat Pump Model - Sends total heat transfer to air and

heat pump power information to HP power equation

156

TRNSYS Type166 Simple Thermostat - Signals when system is in heating or cooling

mode to HP power equation

157

TRNSYS Equation - HP power

pHP_heatingMode = pHP*yHt

158

TRNSYS Equation - HP power

pHP_coolingMode = pHP*yCl

159

TRNSYS Equation - HP power

qHP_heatingMode = qHP*yHt

160

TRNSYS Equation - HP power

qHP_coolingMode = qHP*yCl

161

TRNSYS Equation - HP power - Sends total heat transfer to air and heat pump power

information to TRNSYS Type46a Printegrator

162

TRNSYS Equation - Mains Drivers
Flow_Mains = 1900

163

TRNSYS Equation - Mains Drivers - Sends water flow to the water main

164

TRNSYS Equation - Diverter Control
Y_Diverter = Flow_HP/Flow_Mains

165

TRNSYS Equation - Diverter Control - Signals to the TRNSYS Typellf controlled flow
diverter when to send water to the water supply line to the TRNSYS Type919 Water

Source Heat Pump Model

166

